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ABSTRACT 


iiti« c t thesis: On the Origin o( lu lti ply-lap ul si va 

mission tioi Solar Plarss 

Judith *obi narpen, Doctor of Philosophy, 1980 (Astronosy) 

thtfuin iliii'ctHl by: Prof. HuAul R. Kundu, Acting Director, 
Astronosy prograa; and Or. Carol Jo Crennell, n A SA-ftoddard 
Space t light Center. 


over the past twenty years, our understanding of solar 
tlaieu has been augaented greatly by the alvent of rochet-, 
balloon-, and sat «11 ite- tor ne instrumentation dedicated to 
observations of the Sun. In particular, the use of 
spacecr at t-boi ne detectors hat; peraitted long-tern coverage 
ot the shorter-va velength regions of the elect ronagnetic 
spectrus, inaccessible to ground-based facilities. Hard 
1-ray esission troa solar flares provides direct evidence of 
tbe role of energetic electrons in these powerful 
eaplosions. Analyses of flare-associated hard X rays, in 
conjunction with coincident covwrage at other wavelengths, 
nave contributed such of our current understanding ot the 
tundaaental energising processes and resultant particle 
accelei atiou which characterise the flare phenoaenon. 

Uuiing tne previous solar aasiaua, the hard X-ray burst 
apectroaeter on board the OSO-5 satellite observed hundreds 
ot hard 1-ray events on the Sun, in the energy ranqe 14 to 
heV. I he 1.8-second teaporal resolution of the 
detector enabled detailed studies of the evolution of 
burst intensity with tise, as well as the spectral 
evolution. Furtheraoro, the teaporal resolution was 
cosparatle to that of aost solar radio observatories 




operating at that tine, thus facilitating simultaneous 
i it twice a pa ix son a of hard X-ray and radio data. 

Ihe analysis and interpretation of a set of coaplei hard 
X-ray bursts, selected (ros the OSO-5 data, are presented in 
this work. .he au Itlply-iapul si ve events were chosen on the 
basis ot a or pholog ica 1 characteristics: each event appears 

to consist of a nuaber of overlapping spikes, with no 
apparent gradual conponent of significance. The two-stage 
events were selected on the basis of both sor phol oglcal 
characteristics and association with the appropriate 
pnenoaona at other wavelengths. Coincident aicrowave and 
aeter-wave radio, soft X-ray, H-alpha, Interplanetary 
particle, and aagnetographic data were obtained fron several 
observatories, to aid in developing a co apre he nsive and 
suit-consistent picture of the physical processes underlying 
a coaplex burst. 

Ik* present research is focussed on three specific 
aspects of the aultli le-apike and two-stage bursts: 

I) lo look for the causes ot sultlplicity in conplet 
lspuisive events; 

To Cospare and contrast the physical sechanlsas 
responsible for the suit iplo-spi ke bursts with those 
associated with their slsple counterparts, the 
siugle-spiko bursts (Crannell 1978) ; and 

J) io ccapare and contrast the iapulsive eaissions with 
associated gradual eaissions, in order to plrpoint 
the tasic processus which are applicable to the 
iapulsive phase alone. 

I he investigation is concentrated on the hard X-ray and 
• icrcwive eaissions, with reference to associated neter-w ave 
phenoaena, wnero appropriate. The hard X-ray and aicrowave 
radiations are bressstrah lung and gyrosy nchr otron. 



respect ively , froa the electrons accelerated in the relevant 
regions ot tne solar ataoaphere. Together, they ace used t d 
ueduce the characteristic* of the source; electron density, 
tuijiutuit or spectral index of the electron distribution, 
aagnetic-f leld strength, and area. The hard X-ray ear salons 
alone are used to deteraine the parent electron apectrua and 
rts evolution throughout an evont, to search for correlated 
variations ru spectral paraaoters which aay Indicate the 
underlying acceleration aechanisa. 

ihe earn conclusl* ;-.s of this vork are: 

1) * he aultipllcity of the iapulaite events studiel 

requires at least two distinct causes. On the basis 
of derived source puraaeters, the bursts fall into 
two categories: events whose coaponent spikes 

apparently originate in one location, and events in 
whicu groups of spikus appear to coae free separate 
regions which flare se guontially. 

2) Thu origin cf aultiplicity in the case of a single 

source region reaains unidentified. Progress was 
aade, however, in critical evaluation of postulated 
explanations. One hypothesis, which attributes 
intensity variations to betatron acceleration of 
electrons in a aagnetic trap, was tested. It was 
round that purely iapulsive eaissions show no sign 
of oetatron acceleration, thus ruling out this 
aechauiss as a candidate for inducing 
aultiply-spikod structure. The second-stage 

eaissions of several cosplex bursts also were 

tested, with results differing aarkedly fron the 
analysis of the iapulsive bursts. The aajority of 
the two-stage bursts exhibited spectral behaviour 
consistent with the betatron aodel, for the first 
few ainutes of the second stage. Therefore, it 
appears that betatron acceleration net only is 



conspicuous 1 1 absent during the iapulsive phase of 
solar bursts, but also say be an intsqral feature of 
tha early stages of the seconJ-staqn acceleration, 
for aany two-stage bursts. 
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what was science but 
resence of toney?" 

■«»# Uut_£2lii£n_£ail 


* he bun is the nost powerful laboratory of astrophysics 
accessible to huaankind. Physical processes within and on 
this nearest star are tha subjects of fundanentrl fields of 
study, ranging fro» nuclear and eleaontar y-part icle physics 
to plasaa pnysics. Although sclar flares are aure 
perturbations in the total energy output of the Sun, 
directing oniy a "skin-deep" layer of its surface, their 
coaplex and ill-understood nature encompasses a bewildering 
variety or physical nechaniss3. Atonic interactions, 
hydrodynaaic and magnetoh ydrod ynanic effects, plasna- and 
e lectio nag ne tic- wave fornation and propagation, and other 
basic processes all play crucial roles in the flare 
pheneneuon. 

In order to understand flare activity, a two-pronged 
approach is uecessary. flares nust be observed over a wide 
range of the electronagnetic and particle-energy spectrua, 
to obtain the characteristic signatures of the underlying 
physical processes. This effort nust be paralleled by 
theoretical research into those physical processes 
lundaaental to the triggering and subsequent unfolding of 
fiare activity, to provide aodels of flare phenenena which 
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consistent ly reproduce all the concurrent 1 y observed 
t eat ur«ik. 

it in dliticult to define a "typical" flam, because aose 
level ol what could be denoted flare activity eiiats on the 
sun at all tiaos. Furthermore, individual solar flares 
differ enormously in their energy output and its detectahl* 
■ onrtuiiiauouk. lie basic, coaacn elesent ia a rapid, 
transient beating of a confined portion of the solar 
chroaosphere and corona. 4s auch aa 10'* g of highly- 
loursed plasma aay b<> heated in less than a hundred seconds 
(iiust 1 s7 7) . In aany cai.es this disturbance eitonds 
downwards, to disrupt the photosphere, and upwards, to elect 
aa t tei into interplanetary space. In all cases, however, it 
is clear that the prisary eiplocion occurs in a Magnetised, 
turbulent plasma, which evinces strong deviations from 
tner >od ynasic equilibrium. flates essentially begin with 
reconnection aacng the aagnet ic-f ield lines Found above 
sunspot groups. Through reconnection, the energy stored in 
the coc;le.< magnetic topology ot the corona is liberated and 
tianstoiaeU into bulk heating and aass notions of the local 
plasaa. Ihe sheared-f ield configuration in a coronal loop 
can result in a driven reconnection process, where multiple 
reconnections occur throughout the arch until saturation is 
leached (Spicer 1976,1977). The physics of the reconnection 
process ami , in particular, the role of the plasaa in which 
tne interacting fields are imbedded are not fully understood 
at present. Laboratory eiperis«nts involving simulation of 
solar tlare conditions have proven useful, but 
controversial, in this area (££1 Baum and Uratenahl 19">6). 
lue magnetic-field strengths ard topologies, electron 
densities, and temperatures achieved during such experiments 
are not the same as those in solar flares, however, and it 
is unciear whether sisplc mealing laws are applicable, 
.intensive develo)sent also is in progress in the theory of 
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reconnection and related plasma interactions, with many 
exciting results. However, the dangers of 

oversimplification, often used to aa ko a problem 
analytically or nuaerically tractable, aust be recognised. 

i'he energy imparted to the aabient aediua through 
reconnection eventually ear f s itself in a variety of 
detectable torus, includin .ting and aass actions, 
visible in H-alpha and soft X rays; plasaa waves, which can 
be transformed into radio waves; and particle acceleration, 
winch in characterized by hard X-ray, BOV, aicrowave, and 
lower-t tegueucy radio eaission. The relative proportions of 
these flare products vary throughout each flare, as well ns 
troa fiare to flare. Coalite these differences, an 
idealized picture of a flare eaorges froa the ayrl ad 
observations obtained over the century since the first 
identification of a solar flare (Carrington 1d r >9; Hodgson 
1bb9). On tho basis of intensity profiles as a function of 

tiae, flare eaissiono can be classified as either 

"impulsive" or "gradual" (also "extended"). Impulsive 
emissions are characterized by rapid rise to, and fall fron, 
fcaxiBUB intensity, and often by spiky structure on even 
shorter tiae scales. Gr adu al/oxtended emissions, on the 
other hand, appear as they are named, with much slower rise 
and tall times and, usually, little or no internal structure 
on shorter time scales. Both or either of these kinds of 
eaissions can be seen in a particular event. The 

distinctive features of both types of eaission are 
illustrated by the hard X-ray burst of 1969 n&rch 30, shown 
iu figure 1-1. 

1 be significance of these two classes is aore fundamental 
than aere morphology, however. The observed 
characteristics indicate basic differences between the 
physical circumstances resulting in iapulsive radiations and 
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t none giving rise to g radual/eztended esissions. Thus, 
litre Activity often is classified into inpulsive and 
gradual "phases". De Jager (1969) first identified 
impulsive esissions eith a stage of rapid particle 
acceleration, and gradual esissions with a second stage of 
particle acceleration to even higher enetgies. The 
relationship between the observed radiation and the 
(interred) particle energizing processes is discussed fully 
m chapter i of this work. An introductory explanation is 
needed here, however: the association of hard X-ray and 

sicrowave radiation with flares strongly indicates the 
presence of energetic electrons, of energies greater than 10 
he v , in flaring regions. 

1 be short duration of the ispulsive phase esissions 
replies a correspondingly rapid acceleration process, while 
tne slower rise and tall of the gradual-pbase esissions 
point to a physical sechaniBs of coeparably longer duration. 
Ihe rapid acceleration thus associated with the iapulsivo 
stage appears to affect mainly the electrons, raising their 
asbient energies fees the order cf 100 eV to between 10 and 
100 keV. iu acse instances, the appearance of gradual 
emission after the ispulsive stage merely indicates a simple 
seating of the post-flare plasma. This type of gradual 
phase usually is characterized by a sicrowave "gradual rise 
and tall" event, with no signs of associated particle 
acceleration. Other events, however, exhibit gradual 
esissions wnich are manifestations of second-stage 
acceleration processes. Observations of flare-associated 
interplanetary particle events indicate that, during the 
gradual phase of this type, protons and heavier ions are 
accelerated to energies in the NeV to GeV range, while the 
electrons acnieve relativistic energies, of order 1 NeV. 
ins identification and cc mpreher.sive theoretical modelling 
ol the physics involved in these different particle- 
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acceleration processus are among the aost outstanding 
Challenges to solar physicists today. 

ihe present work is devoted priaarily to a study of the 
complex solar emissions, as observed in hard X rays, 
microwaves, and, to a lesser extent, other portions of the 
uiuctrc tag ne tic spectrum. These observations are used to 
construct a self-consistent picture of the physics of the 
impulsive and gradual stages. To avoid the dangers of 
over generalization and consequent vagueness, which can 
result easily fioa large-scale studies of the type described 
here, two specific approaches were chosen foe in-depth 
investigation. These two topics are related by a coiaon 
theme: the search for an explanation, or explanations, of 

the sultiplicity in impulsive emissions, as aanifested 
particularly in hard X-ray and associated microwave bursts, 
ueuce, the first topic is concentrated directly on 
evaluating tne evidence fer separate flaring sites, within 
tne same active region, being responsible for multi ply- 
impulsive emissions. In the course of this research, it 
quickly became evident that, to coaprehend the underlying 
processes altccting iapulsive radiation, one rust compare 
and contrast impulsive with non-iapulsi ve eaissions. The 
second study is fccussed cn other plausible explanations for 
multiplicity in iapulsive bursts, and on the r aai f ications 
ui these models of multip 1 y- ia pu lsi ve eaissions for the non- 
lmpulsive phenomena closely associated with the iapulsive 
stage, brief summaries of the two major lines of attack on 
the guestions posed above are incorporated into the 
tollcwing outline of the thesis organization. 

ibis dissertation comprises six chapters: the 

introduction; two chapters providing information on 
instrumental and data-analysis characteristics and relevant 
pnysical processes; two chapters wherein the research. 
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motivated «a described above, is presented; and a final 
"coda" vhj.cn includes a sundry of the results and new 
questions posed by the research presented here, together 
with suggestions for future investigations. Chapter 2 
consists ot a comprehensive description of the hard X-ray 
spectroaeter flown on board the 0S0-5 satellite, and a 
general outline of the methods by which the X-ray data were 
obtained troa the S{ ace borne detector and the paraaeters 
were extracted for use in the present analyses. Those 
readers who are faailiar with this inforaation eight wish to 
sxip part or all of Chapter 2. Thu physics of the hard X- 
iay and aicrowavu eaission aechaniaas which are relevant to 
soiar flares is reviewed in Chapter 3, with particular 
eapuasis on concepts and foraulae which are used in the 
obseivationai analyses and interpretations of the later 
chaptera. me purpose of this chapter is to provide a 
comprehensive base for understanding the specific physical 
processes on which the present research is bast'd, and to 
ustablisn tno scope of this work within the wider context of 
current solar-flare research. Chapter 3 say be read in 
lull, selectively, or not at all, depending on one's 
laailiailty with the aaterial. 

2 he analysis and interpretation of coincident hard X-ray 
and siciowave evolution in a set of suit ip ly-i spul si ve solar 
events is discussed in Chapter 4. This study resulted in 
the identification of two classes of suit iple-spi ke bursts: 
events whose cosponent spikes apparently originate in one 
location; and events in which groups of spikes appear to 
cose tree separate regions which flare seguentia 11 y. Thus, 
the sultiplicity of iapulsive emissions is explained for the 
latter type of events, but another sechaniss is required to 
account tor the ■ ul tipi y-spi ked emissions which originate in 
a single source region. Chapter 5 is devoted to the 
critical evaluation of a promising candidate for explaining 
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burst Multiplicity : the betatron acceleration of X- ra y- 

eaittiny electron* in a aagnetic trap, which was proposed 
originally by Brown and Hoyng ( 1975). Thu betatron aodel 
lirst was tested for consistency with the aultiply-iapulsive 
events; it was found that the betatron aechaniaa is 
conspicuously absent in the purely iapulsive bursts, thus 
elisinating this process as a potential source of iapulsive- 
pnasc Multiplicity. However, the serendipitous inclusion of 
two two-stage events in the initially-selected set of 
■ u ltiply-iapulsive bursts enabled the discovery that the 
betatron process apparently is associated, instead, with the 
second-stage eaissions. The application of the betatron- 
acceleration aodel to several M classic N two-stage X-ray 
events, and related seter-wave eaission, provided strong 
support tor tho identification of betatron acceleration as a 
coaaon second-stage phencaenon. The final chapter is a 
bumary of the cogent points of this thesis, and of the 
unsolved guestions, raised by this work, which are in urgent 
need of further scrutiny, perhaps during the ongoing studies 
of the present solar aaxiaua. 



Chapter 2 
THB I RSTH OfllMT 

2. 1 ^££i£21fil_gi.ZJtLJiZXl.U2K.Uil-UJ.&lII£ZQI 

The Httn orbiting Solar Otservati.; (OSO-5) was 
launched on 22 January 1169, at 16:48 3NT. The orbit was 
nearly circular (e ■ 0.002), with an apogee of $60 ha, a 
perigee of 535 ka, an inclination angle of 33°, and a period 
or 95. b sin. The satellite orbit was located well within 
the iaith’s ia jnetotphere, and passed through portions of 
tne inner tr apped-particle belt. 

lhe hard x-ray tpectroaeter on board OSO*5 occupied ono 
or the nine experiment ccspactsents in the rotating wheel of 
the spacecraft, as shown in Figure 2-1. The detector axis 
t was perpondici'lar to the satellite spin ails, so that during 

I each wheel rotation a strip of the sky in the plane of the 

wheel was scanned. Each of the three eyeb locks shown in 
figure 4-1 contained 3 photodiodes, separated by 40°, which 
triggered upon viewing the Sun. This enableJ each sky scan 
to be divided into 9 sectors of 40° each. Operations in the 
suctor containing tie Sun were denoted the solar node, while 
data oDtainud in the resaining 8 sectors constituted the day 
say scan. lhe observational format is discussed in detail 
in Section 2.2. 

The detector has been described by Frost, Jennis, and 
Lencho (1971) and Eennis, Suri, and Frost (1973). It was 
designed to detect hard X rays Iron the full solar disk, 
with good tue resolution and sodcrate energy resolution, 
figure 2-2 snows a cross-sectional view of the instrument. 
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lhw basic coaponents «r « a central Cal (Ma) crystal (a dlak 
0.6a ca thick i 71 ca' crosa-sect Iona 1 area), actively 
shielded by a well-shaped cryatal of the aaaa aaterlal (3.2 
ca thick). the sod 1 ua- act i v at ed fora of Cal waa chosen over 
the thallius-activa ted variety becauae it yialda t hr**** tlses 
sore light per unit energy, in the wavelength ‘rang* over 
which available photoaultiplier tubes are aoat sensitive; 
and has a taster tiae constant, ao that it is leas subject 
to extraneous light froa slow- decaying scintillations due to 
charged-particle passages. Sodlua iodide (thalliua- 
activatad) also was rejected becauae it is deliquescent and 
brittle, and thus auch aore difficult to handle 
(u. h. i/ennia, private coaaunica tion) . Two photoaultiplier 

tubes (inis) , operated in coincidence, viewed the central 
crystal froa behind. Ih< shield, operated in 
anticoincidence with the central eleaent, was v'ewed by four 
Pills, and included an aperture which gave the detector an 
angular response of 39° FhHH. lhc resultant gecaetrlc area 
a solid-angle factor ranged froa 34 ca' sterad at the low- 
energy iiait (-20 keV) to 47 ca* sterad at the highost 
* euergiei attained (—250 keV) . 

Ihu 14 to 254 keV energy range of the pulse-height 
aualysei was divided into 9 approximately linearly-spaced 
channels. Channels 2 through 9 vero about 28 keV vide; 
Channel 1 was only 14 v.eV wide. Table 2-1 lists for each 
energy channel: the energy range, t «. nean energy, the 

scaler capacity, and the area-efficiency conversion factor. 
Ihe energy resolution cf the instruaent is given 
approxisatci y by the following expression; 

AE ■ 6 E l/ * kaV , ( 1) 



wnere An is the FtfHN of the Gaussian resolution function of 


• ) 


the detector t or photous of energy E (Crannnll yt, fl, 1978). 


TABLE 2-1 

PAhAflETIRS 70k TH1 CSO-5 X-RAY SPECTROMETER 


Channel 

huaber 



CapacTt y 

Conyersi cn 
Pre 

1 'ISSt”’ 

1 


14-28 

*22 " 

’ *095 

9l 70E-02** 

3. 7 IE-01 

2 


28-55 

38 

511 

1. 19E-03 

1. 31 P-0 J 

J 


>5-82 

t) 

127 

7. *28-04 

7. *2B-0* 

4 


82-111 

93 

63 

6. 34E-04 

6. 1**-0U 

5 


1 11-141 

122 

31 

6. 00E-04 

6. 00E-0* 

6 


141-168 

151 

31 

6. 961-0* 

6. 96E-0* 

7 


168-200 

179 

15 

6. *13-0* 

6. *13-04 

a 


200-225 

210 

15 

8. 9*E-04 

8. 9*E-04 

9 


221-254 

236 

15 

8. 23E-04 

8. 23P-04 


• These are tho area-efficiency conversion factors for the 
periods pre- and post- 1969 Gctotor 26. They convert observed 
count rates p-r channel tc iccidcnt flux in units of 
pbotens cs~* a*' keV _l . 

lhe idealized efficiency of the detector is plotted in 
figure 2-3, after Frost, tennis, and Lencho (1971). The 
sharp decrease in efficiency below 30 keV is due to 
absorption iu the two alusinus windows, of total thickness 
0.15 g cs~*. Ihu purpose of this relatively thick window 
was to attenuate the interne soft X-ray flux present during 
aost solar bursts; without this attenuation, pulse pile-up 
could occur in the lowest channels during large flares, 
causing distortion of the seasured hard X-ray spectrus. The 
actual efficiency is lower because of two additional 
effects: absorption in the dead layer which foraed on the 

surface of the central Csl crystal (Crannell, Kurz, and 
Viebsann 19/4; Goodaan 1976); and the coincidence 
reguireaent on the two PNTs viewing the central 
crystal — photons below 30 keV do not necessarily produce a 
signal above threshold in both FHTs. The coincidence 
reguireaent reduced the background events produced by randos 



The efficiency of the OSO-5 hard X-ray detector, as a function of 
photon energy. 
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uoise in the t ho I NTs, which generally is not in 
coincidence. Thus, X rays in channel 1 (14 to 2ft keV) of 
the j u 1 se - he i g h t analyzer were attenuated by a factor of 
approximate! y 15 ( B . P . Dennis, private com unicat l an) . 

ln-lligbt calibration of the energy scale of the 
instrument was achieved by using the decay products of an 
Am*** source, which was eabedded in a piece of plastic 
scintillator and sounted in the aperture as shown in Figure 
2-2. lhe Am*** decays by Isotropic esission of 59.4-keV 
pnotona, some of which stop in the central crystal, in 
coincidence with 5.5-NeV alpha particles, which stop in the 
piastre scintillator and produce pulses in tho PNT viewing 
the la* *• -activated scintillator. The calibration data thus 
obtained dvaonstrated that the gain decreased gradually by 
2 U-JCA between launch and 26 October 1969, requiring a one* 
incLeaent cnange in the aaplifier gain to aaintaln the 
constancy ot the channel edges, and reaained stable 
thereafter. The threshold level of the active shield was 
set at ap proximate 1 y 180 keV before launch and appeared to 
tesair. constant throughout the lifetise of the instruaent, 
as indicated by the long-term stability of the shield 
counting rate and the total dead tine. 

The satellite passed through the South Atlantic Anomaly 
pn Aa ) , a region of exceptionally high tra pped-part 1 cle 
fluxes where the inner radiation belt intersects the 
satellite orbit, about 6 adjacent orbits per day. To 
prevent saturation and subsequent impairment of the (NTs, 
tne nigh-voltaqe source was turned off during each passage 
through the jAA throughout th 1 lifetime of the satellite, 
ine background level of the detector was affected by passage 
through the south Atlantic Anomaly and by high-energy cosmic 
rays, Loth ot which induced radioactivity in the central 
crystal and all the surrounding material, including the 
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shield. The background counting rats reach# 1 a peak 
iasediatwly after each SAA passage and decayed 
eiponontiali y, as the shorter- li vod isotopes decayed, until 
the neat passage through the Skk. The build-up of longer- 
lived isotopes, however, caused a gradual Increase in the 
background rate superispcsed on the regular orbital and 
dally variations. Over the llfetise of the satellite, the 
background rate changed by less than 101 in channels 2 and 
J, and by less than a factor of 2 in channels 4 through 9 
(u. k. sennis, private cosian.lcation) . 

Ike hard 1-ray spectrosotor operated continuously fron 
launch until 1972 Nay. After this, data were collected 
upor adically, with partial coverage available for 1972 duly, 
i he lnstLuaunt tailed fatally scsetine between 1974 August 
9, 2319 01, and August 10, 0549 01. Because the failure 

occurred during a three-crbit gap in data coverage, the 
cause ol failure could not te established firsly; failure 
or tie high-voltage power supply was strongly suspected, 
however ( B. *>. Dennis and f>. Thcsas, internal QSFC 
aeioiandui) . 

htos launch until about 1969 January 28, the satellite 
operations were devoted to spacecraft checkout and no 
useful solar data were obtained. 

lhe hard i-ray spectrometer viewed Jb0° strips of sky in 
each rotatiou of the wheel, ap pro* inatel y every 1.8 s. Each 
scan was divided into 9 sectors, as noted previously, one of 
wnrch included the Sun. In the nornal node, the data 
cospnscd the nusber of counts in each channel, the elapsed 
tise, ana the instrument dead tiao; these t lies are defined 
below. Iicept during very intense flares, data were 
obtained in the sclar sector for 0.17 to 0.19 s each 


rotatioi., an determined ty th 
t in- to>jiiinin | and end of this 
determined tue elapsed tise cf 
starting and stopping a sealer 
BOO-Hz telemetry clock. Thus 
equalled the counted nusber of 

'ihe true observing tise, th 
to derive the rate of inciden 
counts, is the difference bet 
defined above, and the total 
dead tise uae measured during 
the af oiesentioned clock-pulse 
pulses in tne shield and cent 
signal cf tne pulse-height ana 

During very intense flares, 
data collection was utilized, 
sufficiently intense to excee 
channel before the photodiode 
observation period, then the 
cxock-puise counting were sto 
capacity (that is, earlier tha 
May the true count rate was re 
events, instead of being lost 

Observations in the eight 
iron those in the solar node 
limits and longer integration 
the total count rates in both 
crystal Mere recorded. lata 
rotations in the sector inne 
sector (denoted sector 1, in 
vieMcd along the positive spin 
tollcMed by readout to a aeaor 
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e photodiode pulses signalling 
sector. These pulses also 
each solar observation, by 
uhich counted pulses fros the 
, the elapsod tise in seconds 
clock pulses divided by BOO. 

at .s, the live tine required 
t :: rays fros the observed 
Meet the elapsed tise, as 
instrusental dead tise. The 
each solar observation vith 
counter, uhich uas gated by 
ral crystal and by the busy 
lyzer and related electronics. 

hoMever, a different node of 
If the counting rate Mere 
d the scaler capacity of any 
-signalled end of the solar 
accusulation of data and the 
pped uhen the scaler reached 
n the diode pulse). In this 
corded even during the largest 
due to scaler overflOM. 

non-solar sectors differed 
only in that larger scaler 
tines Mere implemented, and 
tfce shield and the central 
Mere accumulated for 6 wheel 
diately follouing the solar 
the clockuise direction uhen 
azis of the Mheel) and uas 
y. This process uas repeated 
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with data accumulation and readout for the nezt non- solar 
sector, while the previous sector's data sere being 
transferred froa the buffer neaory to the spacecraft tape 
recorder. ihis sequence was implemented for the remaining 
non-solar sectors and repeated continuously throughout the 
day-time period of the satellite orbit. Each cycle also 
included a calibration procedure, in which the As* 1 * * 4 * 
call ft at ion data i£l A Section 2.1) were obtained for si« 
rotations between se.’tors 6 and 7. A complete cycle lasted 
for IGo s, during which a tctal of 10.8 s of non-solar data 
were collected: 1.2 s for each of the 8 sectors and 1. 2 s of 
calibration data. 

curing satellite night, when the spacecraft was in the 
tarth's shadow, yet another node of data collection was 
used. The dead tise and tho nine-channel energy spectrum 
were accuaulated tor 0.28 s every 1.28 s, for whatever part 
of the sky happened to be in view. The region of the sky 
scanned during this period could be reconstructed from the 
spacecraft attitude, as determined from the aagnetometer 
data obtained simultaneously . 

2. 3 lilfiflfiiil 

i he information stored in the spacecraft tape recorder 
was communicated to the Earth-based ground stations via the 
spacecraft telemetry system. kiithin the format of the 
telemetry data stream, each instrument on board OSO- S was 
allotted specific words in the continuous data flow; the 
particulars of this arrangement relevant to the hard X-ray 
spectrometer are described in this section. 

1 he transmission rate of the CSO-5 telemetry was 800 bits 

pel second. The data were telemetered in 8-bit words and 

organized within main frames and major frames. A main frame 

consisted or data in a J2-vord (320 ms) readout cycle; 128 
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■•alii tidily (40.96 a) cob prised a aajor fraae. Within each 
aain tukti, words 16, 1H, and 19 verc devoted to the hard X- 
uy spectrometer. The order in which data were inserted 
into the 3 words per aain franc is shown in Figure 2-4. 
since la words were required to include all solar-sector 
uata in each readout cycle, transmission of each observation 
(i.e. . per wneel rotation) took 4 aain fraaes (1.28 s) . The 
inioraation contained in these 12 words was coaaonly 
referred to as the "tain frame data." The non-solar sector 
and shield data were transaitted at a slower rate: word 29 

(in a aain frane) was devoted to these data once every few 
aain fraaes. This procedure was referred to as 
"subaultiplexing” or "subccaautating" the data. The digital 
subaultiplex word usage and locations within the aajor fraae 
(jSH nuaber) are shown scheaat ically in Figure 2-5. 

Figure 2-o is a representation of the data organized 
within each aajor fraae, showing the designated words filled 
by the hard A-ray spectrometer data. The data teleaetered 
\ in this fashion were relayed by the various ground stations 

to the Inioraation Processing Division (I?D) at Goddard 
Space Flight Center (GSFC). In the next section, the 
storage of this inforaaticn cn xagnetic tape and subsequent 
data processing are discussed. 
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Figure 2-4. The components of a main frame of telemetered data. 
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2.<« UAlA_flfi£JSSIIS 

ihe teleautered OSO-‘> data wore recorded on 7-track 

aagnutic tapes in binary node, with oil parity and 
at a aoLsity of BOO P PI . Two types of tapes were generated 

by iH at GjiFC, under t ho directicn of nr. John Schaidt, for 
distribution to the experimenters: Main Frane Data (HID) 

and correlated Data (CD) tapes. The ft PD tapes contained 
aa in traae data, including the raw observed counts, elapsed 
tiae, and dead tiae. The cot respondin') CD tapes contained 
intotaation on the satellite attitude, observed counts in 
the non-solar sectors (subcoaautator data), and records of 
any coaaands issued to the instruaent. 

o y aeans of software developed by nr3. A. Andersen, GSFC, 
both sets oi tapes were coabined into a single set of 
4-track tapes. Dr. Brian Dennis then processed the 
inforaation on these inter sediate tapes to construct 
"encyiopedia" tapes, which contained all necessary 
instruaent data plus the instruaent orientation, as 
calculated tron the satellite aspect lata. A set of 
cospressed encyclopedia tapes was nade by COBTECH, Inc., in 
wnich the format of the original encyclopedia tapes was 
reorganized to rec'ucc the total nuaber of tapes required by 
about a factor of M. Progress written by COBTECH, Inc. use 
tne relevant satellite and instruaent inforaation on these 
tapes to obtain the flux observed in ail 9 channels at a 
given tiae, in physically useful units (ii.fi*., photons ca~* 
t»~» kev~»). Thus, spectra can te generated for tiae 
intervals as short as 0.16 s every 1.8 s, or averaged over 
longer tines, to iaprove statistics or to obtain a measure 
or the hard l-ray background before or after a flare. 


Chapter 3 

PHYSICS or BBBD X-BAT BIO HXCBOIBTB BBISSIOI 

1 he first observation of hard X rays fro a the Sun van 
reported over twonty years ago by Feterson and Hinckler 
(1958, 1559). In these papers, the authors interpret the 
f lar«-a*sociated X radiation as bressstrahlunq produced in 
the solar photosphere fros electrons of energy 0.5 to 1 n«*v. 
iney also infer that the accompanying radio burst is 
gyrosy nchrotron radiation fros the ease electrons, 
spiralling in a 1000-gauss aagnetic field in the flaring 
region. Subsequent observations, obtained with rocket- and 
balloon-borne instruments, confirmed the association of hard 
i-ray eaission with other sani f estations of solar-flare 
activity, particularly type III and sicrowave bursts (Kundu 
1961; Chubb, Jriedsan, and Kreplin 1960; Hinckler, nay, and 
nasley 19o1; Vette and Casal 1961; Anderson and Hinckler 
1962) . Altnough the discussions of the nature of the hard 
A-ray source in these papers were qualitative, for the aost 
part, they did present the differing viewpoints that still 
spark lively controversies among solar physicists. 

Ihe presence of high-energy electrons during solar flares 
nad been deduced free observations of flare-associated 
interplanetary electrons, prior to any of the hard X-ray 
observations. 2he detection of photons at energies above 20 
keV, sisultaneous with other "flash-phase" flare phencaena 
(ttaiix# Noreton 1964), was the first indication of the 
existence of energetic electrons "in situ", within the 
flaring region itself. Host of the early observations 
lacked good teaporal resolution or energy resolution, or 
botn, and so could not provide precise inforaation on the 
nature of the hard X-ray spectrum (and thus the electron 
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f 

energy distribution) «nd lta evolution throughout a flare* 
At vaa as suawd by several author*, parhapa due to their 
iu it iia tity with auroral 1 rays and aolar coaaic rays, that 
► the sclar-ilare X rays originated in a sonoenerget ic 

(Peterson and dinckler 1959) or a power-law (Vette and Canal 
[ i960} *hdersun and aincklcr 19(2) distribution cf electrons, 

f on the ether nanJ, Chubb, Kreplin, and rriedaan (1966) 

presented X-ray spectra (or several flare.*, observed in 
I 1959, which appeared to be consistent with a thereal plaaaa 

| at teapciatures of order 10* K. The non-thersal versus 

theisal arguaent has continued to rage throughout thn past 
20 years, despite progress in the guantlty and quality of 
observations and in the theoretical calculations relating 
tne physical conditions within the source and various 
plausible electron distributions to the resultant hard X-ray 
bressst lanlung spectrus. It has becoae clear free these 
extorts that the guestion is far fros being resolved, and 
tnat the choice of a theraal or nen-theraal ( j , y , . power- 
lav) tit to a particular spectrus usually is dictated by 
personal pteterence rather than by actual knowledge of the 
"true" election apectrus. 

it ic not the intention of this thesis to discuss the 
leiative seiits of all uitant (late so dels; reviews, with 
various biases, are given by Kane (1974), Svastka (1976), 
brovr (197b), Melrose and Brown (1976), and Beport UAG-72 
(1 979). Ihe purpose of this chapter is :o review those 
physical aecnanisss which are relevant to the analyses 
presented in chapters 4 and 5, with brief attention to 
alternate processes. The specific focus is cn the 
interactions between energetic electrons and the ions cf the 
sagnetically-structured solar aediua, and the resultant hard 
i-ray and sicrowave eaissicn. 
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As first recognized by Peterson and rilnckler (1958, 1959), 
the ha l u 1-ity eaiaaiot during flares la attrlbutabla to 
Mti«igwtic electrons. The close association between hard X- 
U| bursts, ester- wave type 211 bursts, and alcrcwavc events 
wau interpreted tree the beginning (Peterson and winckler 
1956,1959; KunJu 1961,1965; Anderson and Winckler 196 2) as 
strorg evidence of a coaaon origin (or these iapulsive 
pnencseua: electrons significantly acre energetic than the 

aabient theraalizad (.articles of the solar ataosphere, aoat 
rzobabiy acc«larat«d during the flash phase of a flare 
(Aorvton 19bu). Ihese authors all suggested breaastrahlung 
as tie ealssioh acchanisa responsible for the hard X 
radiation. tie Jaget and Kundu (1963) pointed out that, 
although fcotu type 121 kursts and hard X- ra y/alcrovave 
bursts are iapulsive phonoaena, they probably originate in 
two dlfterent electron populations. As a result, the 
apparent "teased" nature of the t y pe-I I I-enitti ng electrons 
cannot Le interpreted as support for non-theraal aodels of 
tne iapulsive hard X-ra y/aicrova ve source. Other sechanisan 
proposed to ezplain the hard X-ray bursts include 
synchrotron radiation tecs highly relativistic electrons 
(Guseinov 19bJ; Stein and Ncy 19(3) and inverse Compton 
radiation tics interactions between flare-associated 
infrared photons and relativistic electrons in the flaring 
region (Gordon 19b0; Shklovskii 1964,1965; Zheleznyakov 
1*oi>). Catetul analyses cf coincident flare data at several 
wavelengths and theoretical investigation of the relative 
serits ot tnese three cospcting esission processes soon 
criminated ail but fcressstrahlung as the sost likely source 
or hard a rays during flares (Acton 19t>4; Korchak 19b7; 
or own 197b). 

btesistranlutg, or "braking radiation", also is referred 
to as tree-tree radiation. This esission is produced by 
last charged particles accelerated, or decelerated, in the 
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Coulomb fields of ether charged (articles. At the 
temperatures end densities typical of solar-flare plasma*, 
the observed bcmasstrahlung eaanatea froa electrons 
travelling pamt ions of various charqe states; electron- 
electron biemaetcahlung is a second-order process (dipole 
lad* at ion is forbidden), while the ions have relatively far 
lover velocities and so produce negligible ion-ion 
btemsmtiablung. In a single encounter, the electror is 
accelerated in tho Coulcnb field of the ion, and change* 
direction; the intensity of radiation resulting froa an 
ti.cour.tu defends on the scattering angle, the initial 
velocity of tnu electron, and the charqe (Z) of tho ion 
nucleus. *n a plasma, of course, sany electrons are 
travelling past a large nusber cf lens, thereby modifying 
tnu process according to collective and statistical 
considerations. Thus, for treasst r shlung esitted in solar 
Hares, the intensity is a function of tho ion density and 
the isotopic distribution in the eaission region, as veil as 
tue eioctrou density and energy distribution. 


hevuial early atteapts to analyze solar harl X-ray events 
assumed relativistic electron energies (Peterson and 
■incklet 19od,1959; Gordon 1960; Guseinov 1962; Shklovskit 
1*64, 19bb; Iheleznyakov 1S65). Observations of sclar flares 
covering the energy rango 10 to 200 keV (Chubb, Prielnan, 
and Kreplin 1960; tiinckler, Hay, anl las ley 1961; Anderson 
and viuckler 1962; Frost 1964; Chubb, Kreplin, and Friedsan 
Ivbb; «rnoidy, Kane, and winckler 1968) soon demonstrated 
tnat the X-iay-producing electrons sust be prisarily sildly 
Leiatxvistic, with energies in the range 10 to 100 keV. The 
discussions of bressstrahlung in this chapter therefore are 
valid ici sildly relativistic particles only. 


ihe use 
1964,1969; 


of satellite-borne instruments ( e. i . . Frost 
Aruoldy, Kane, and Hinckler 1968) enabled 
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coaprehensit v studies of ». large nuaber of flares, observed 
over tiaespans of a few years (per satellite). The 
cospariaoD of such eitensive data bases with concident radio 
and particle observations resulted in the identification of 
two, f undaaentally different, types of hard X-ray emission: 
lapulsive and gradual (see Introduction). Because the 
characteristics of the hard X-ray and associated esission of 
these two classes are guite dissimilar, it was concluded 
that the underlying physical processes also aust differ (de 
Jager 1969; frost and Dennis 1971). Therefore, this chapter 
includes sections on several hard X-ray and aicrowave 
eaission aecnanisas, aost of which are applicable pritarily 
to tne iapulsive stage. These discussions are based on 
relevant aaterial published by Jackson (1962), Bekefi 
( 1 9b 6) , Brown (197 1,1975, 1976), Brown and HcClyaont (1975), 
de Feiter (1975), Tucker (1975), and Crannell si_4la. (1978). 
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observations of hard X-rays froa aolar (lares provide 
crucial insight, unobtainable free other observations, into 
tue rclv oi energetic electrons in these coaplei events. 
Kith the establishment of breasatrahlung as the ealsslon 
•uchanisa responsible tor the X radiation, the developaent 
ot precise quantitative relationships botween the source 
elections and the resultant X-ray apectrus becaso the focus 
ot nuseious theoretical analyses Molt and Basaty 

Ivb*; sane and Anderion 1970; Brcwn 1971). Theso endeavours 

• 

proved ct tiaely importance in conjunction with satellite- 
borne instiuaentat ion, which enabled hard X-ray coverage of 
hundreds ot solar events, over a wide range of intensities 
and energies. In order to interpret these data in tnrns of 
the physics ot tne cource regions, it is necessary to knew 
the shape ot the photon spectrus esitted by a particular 
election spectrus, as a function of the density and 
t«.aperature ot the relevant site in the solar atmosphere, 
inis pertion ot Chapter 3 is devoted to analytical 
development ot the relationship between specific electron 
energy distributions and the associated bre asst ra hlun g hard 
A-cay spectra, arriving at practical formulae which are 
applicable to quantitative analysis of solar-flare 
observations. 

because the elission ot brenset rahl ung is the product of 
collisions, t L- basic formula fer the eaissivity is similar 
to that ct any collislonal process. The total 

bi easst tahlung emission fres a voluse V, in photons per 
second per unit energy, is given by the expression 

J<*) - /*Q.,(W) *(«)</", *'<W) dV } dtf , (2) 

E V 1 

where o (w) is the cross-section for electron- ion 

El* 

br easst iah lung at pheton energy E, as a function of electron 



energy »; v (H) , the electron velocity corresponding to 
energy »; o ( , the ion density as a (unction of position in 
tne source voluse; and t* (U) , the differential electron 
uuaber distribution as a function of energy in units of 
electrons per unit voluse per unit energy (Brown 1971). For 
purposes or comparison vith actual observations, it is sore 
usetul to obtain the predicted Intensity as seen at Earth. 
Further tore, because the hard X-ray coverage to date is not 
spatially resolved, the volusu integral in Eguation 2 nust 
be solved approximately, vith the terns replaced by 
quantities which are averaged over the source voluse. Thus, 
the fundamental eguation for the total bressst ta hi unq 
emission from a solar soutce seen at Earth, in photons per 
second per unit area per unit energy, say be writton as 
follows: 

l(t) • ( 1/4nP *) n. /" QJH) v («) t (W) dh , (1) 

1 E E 

where i is the Earth-Sun distance (1 A. a. ); and the 
quantities n ^ and f (■) are averaged over the source voluse, 
so that f (h) is in units of electrons per unit energy. 


lhe breasot rahl ung cross section, J (») , has been 

Ci 

evaluated analytically by several authors (e. q. . Koch and 
Mo tz igt>9, and refs, therein), for various ranges of the 
ratio u/k (pnoton energy to electron energy). The form of 
tne electron distribution function, f (W) , is specified by 
the physical conditions of the assuaed source: if the 

emission onjinates in a fully ionized, theraal plasma, a 
Maxwellian distribution is used; if the enission originates 
in a stationary non-theraal population of electrons, as in a 
trap (see Section 3.1. 4), or in a non-theraal beam of 
electrons travelling through the aabient solar plasaa, then 
tne fora ot t (U) is non-theraal in nature. A coabination of 
theraal and non-theraal distributions also may be used, as 
described later in the last section of this chapter. 
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Ab ti.ntioi.uJ previously, one of two foraa for f (W) 
generally is a lopted in analyses of solar-flare X rays: a 
thersal Maxwellian distribution, or a non-thermal power law 
in energy U*y x # f For the thersal situation, 

there ib no separate "background" plassa, because the 
electrons and ions constitute a single charge-neutral gas. 
an the case of an electron beam, the density of the awbient 
aedium through which the teas of electrons travels dictates 
wnetber the electrons will lose all their onergy in 

I collisions with the asbic.it ions ("thick-target" case) or 

travel through the sedius without significant energy loss 
I ("thin-target" case). Thersal hromsst rah lung emission is 

discussed in section 3.1.1; th let-target and thin-target 
uon-thersal breasstrahl ung are ccnsidered in Sections 3.1.2 
and 3.1.3, respectively. Eremsstrahlung in models which 
incorporate features of both thersal and non-thermal 
di str rbutionb is discussed in Section 3.1.4. 

3 . 1 . 1 

As originally noted by Chubb, Friedsan, and Krcplin 
( 1 9t> 0) , the i-ray spectra of many events are best fit by an 
exponential distribution function, suggesting a Maxwellian 
distribution of the energies of the electrons emitting the X 
radiation. interpretation of observed X-ray spectra is 
complicated further by the fact that a power-law spectrum 
cun be duplicated by ewission from plasnas at sevoral 
temperatures (Chubb 1972; Brown 1974). For the X-ray events 
described in Chapter 4, »ost of the instantaneous spectra 
(determined at every pea*', within each burst) are tetter fit 
by bi ngie-temperature thermal (ei(onential times E~ 1 ) , 
rather than power-law, forms. This section comprises i 
guantitative discussion of the properties of X-ray emission 
trow a thermal plassa. 
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Ihe number of electron* ot energy H , per unit energy, In 
« thermal plasma follows a Maxwellian distribution: 

f(W) « 2n-»*n e T~ •* «»'* exp<-W/T) V , (») 

where n e is the electron density; T, the plassa teaperature; 
|iii energy units); and 4 , the electron energy. 

f 

i.n general, the photcn-ener gy and plasma-temperature 

dependences in the formulation cf the bressstrahl ung cross 

section, g ..(■), are combined into one parameter, the Gaunt 

■ 

lactor. Thus, ( w ) can te expressed as: 

c« 

d K («) - 0 o G ff (E,«,T)/E , (S) 

where the constant C () is the classical high-energy 
br essstiahlung cross section, and G^(E,W,T) is the Gaunt 
tactcr. lor non- relativistic velocities, the electron 
velocity cci responding to W is given sisply by the kinetic- 
ei.ergy relation: 


v (4) • <2W/m) »/« , (6) 

where u> is the electron mass. 


bubstitutrng Equations 4, 5, and 6 into Equation 3, with 
g f{ U,S) representing G ff (E,h,T) averaged over all « for a 
particular range cf 1, yields the following expression for 
the fcpectrum of emitted radiation at a distance of 1 AO from 
the source, in phctons cm - * s~ » keV - *: 


l(t) 


l.C7*10» L (n e n t Zf) j V exp(-E/T) g ff (S,T) 


m 


where V is tne voluse of the emitting region, as before; 
g^. (r,l) is the temperature-averaged Gaunt factor, and the 
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suaaaticn is performed over the charge, Z, ion density# n ( , 
a ad electron density, n e , for each ionic species, j, in the 
piasaa. ine tea perat ure-a veraged Gaunt factor has been 
derived, tOL various ranges of teaperature and the ratio 
i/l, by Karras and Latter (196 1) and Gorenstein, Gursky, and 
Gar air e (19bd); the foraulac used tc derive g f) (F.,T) in the 
hard i-ray and soft X-ray analyses of Chapters 4, S, and 6 
aie given in lable 3-1. 

IABIE 3-1 

IH& ihNrbaATURE-AVERAGED GAONT FACTOR, for T > 3«10* K 


L/i 

g f f <s.T) 

<<1 

(3t*/n) In (2.2 T/3 ) 

1 

1 

>1 

(1/E) 



1 he suaaation in Equation 7 depends on tho ionization 
state and the eleaental abundances within the source. For a 
luily-icmzed plasaa (T > 10* K) , charge neutrality demands 
that n e * £ Zn. . Thus, taking solar abundances into account, 
we have 

I [n p n ( Z* ) - 1.2 n e *. (8) 

a he taission aeasure, EH, defined such that SN s n e 'V, is 
coaaonly espioyed in X-ray astroneny to incorporate the 
density and volune dependences cf the spectrua into one 
parasetur. This is particularly useful when analyzing 
observations net instruments without spatial resolution, 
wmch can not provide information on density gradients 
within the source voluse. Ihe substitution of Equation 8 
and the detinition of EN into Equation 7 yield (ic units of 
photons ca~* s~‘ keV - *): 
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1(S) » 1.3*10* EN e ip (-E/T) T-‘* 2~ » g jf <E,T) 


(*») 


by definition, the particles within a thersal source obey 
an isotropic velocity distibution in space; otherwise, a 
single-temperature plassa could not be maintained, 
observations which are sensitive to X-ray directivity 
achieve prise iaportance in establishing the thersal or non- 
thersal nature of hard X-ray burst sources because, as 
discussed iu the following section, non-theraal sodels 
predict significant effects due to anisotropy. Recent 
observations reported by Kane o t al. (1980) are consistent 
witn essentially isotropic hard X-ray mission during 
lspulsive bursts, over observation angles between 11° and 
79°. Ibis rack of directivity (icvides strong support for 
tnersal sodels, but it resains to be seen whether a larger 
saaple of lspulsive events exhibits a sisilar degree of 
isotropy. iisilarly, a negligible degree of hard X-ray 
polarization is predicted for thersal sources in the solar 
dtsosphere, in contrast tc the larqe polarization expected 
tics non- thersal beass (££ A Langer and Petrosian 1977 ; Bai 
aud ha a at y 1 978) . 


A potential cause of spectral distortion for both thermal 
and non-theiidl sources is the albedo due to Ccspton 
backscattenng of the hard X-ray photons fros electrons in 
tne photosphere. Although this effect is aost prominent for 
anisotropic uon-thersal cases, the contribution to observed 
theiaal spectra can produce seasurable distortion at 
energies around 30 keV (Bai and Raaaty 1978; dAftzler et al . 
1978). Ihe sain effect is to lower the deduced source 
temperature by a few keV at aost, which, for the OSO-5 
observations, is on the order cf the uncertainty in the 
derived temperature value itself. Because the lowest energy 
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considered m the c pectral- f ltt ing technique outlined in 
Chapter 4 23 keV, the albedo contribution has been 

neglecttd . 

J. 1.2 

ihe tern "thick-target” treasst ra hlunq oriqinally was 
eaployeu by experiaental physicists to denote the radiation 
eaitted by a boas of hiqh-energy electrons striking a target 
I thicker than the energy-losa range of the electrons being 

considered. In sclar-flare modelling, the analogous 
I situaticr. comprises a dilute bean of energetic electrons, 

| directed downwards through the solar atmosphere, which eaits 

thick-target breasst rah lurg upon reaching a region dense 
enough tor the electrons to lose all their energy in 
t collisions with the aabient medium. in all thick-target 

models, this target region is located in the chroaosphere or 
transition zone, depending on the assuael energies in the 
eleettou bean and on the chosen aodel for the density 
\ structure or the solar ataosphere. These sodels usually 

assuae a power-law electron energy distribution function, 
that is, 

f ( «) » A , (10) 

where the real nuaber <5 is called the (power-law) spectral 
index, and k is a constant. 

The siaple power-law distribution in Equation 10 cannot 
bo applied uirectly, because f (W) as defined approaches 
infinity as the electron energy becomes smaller and smaller, 
io avoid suen unphysical conditions, a low-energy cut-off, 
usually of order 10 keV, is iaposed on the electron 
spectrum. in erder to duplicate observed spectra, which 
oiten include steepening at high pheton energies, a high- 
energy cut-off (usually of order 100 keV) may be adopted as 


w 
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well (tlx Kane and Anderson 1970). The calculation of 
breasst rahlung under these conditions differs aarkedly fros 
tne thersal case, covered in the last section. Instead of 
dealing uith a single plasaa, in which the nunfcer and 
density of tnw eaitting electrons are directly related to 
the nuabcr aud density of ions, two distinct coaponenta aunt 
be considered: a teas of higb-erergy electrons, cf nuaber 

density n such less than in the target region; and the 
denser, thersal ylasaa of electrons and ions in which the 
beased electrons are stopped. The directional anisotropy of 
the electron bean also causes potentially significant 
aodi tications to the observed X-ray spectrua, priaarily due 
to albedo, polarization, and backscattering effects. The 
ettects of directivity ou the bressst ra hlung X-ray spectrua 
have teen studied in detail ty Petrosian (1973,1975), Langor 
and Petrosian ( 1977), and Bai and Eaaaty ( 1978). 
realization of hard X-ray eaission has been studied by 
t.1 wett and riaug (1970), Haug (1972), Brown (1972), Langer 
and *etiosian (1977), and Fai and Easaty (1978), with 
eaphasis on uon-theraal beans as the origin of the X rays, 
lheir results resain to be tested, though, because reliable 
polarization seasurcaents of solar hard X rays are not 
available at present. These additional conplications are 
not included in the intent ionally-sisplif led treataents 
within this chapter. As pointed out by Nfftzler e t al. 
(197ti), the photospheric albedo priaarily affects the hard 
a-ray spectrua at photon energies around 30 keV. The OSG-5 
data analyses described in Chapters 4 and 5 utilize the X- 
ray spectra above 28 keV only, thereby allowing the effects 
or the albedo to be neglected (see Section 3.1.1). 
^milarly, isotropic eaission is assuaed throughout this 
work, so that directivity and its effects on the X-ray 
spectrua need not be discussed here. 
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in sclar Hares, thick-target ooodltious isply that the 
uiactrotik lose all their energy, sainly through electron- 
electron collisions, in the chrceosphui ic "target region", 
me dominant radiation eechaoise, electron-ion 
bieasstrahlung, only expends 10-* tiees as such energy. The 
rotu or collisicnal energy loss per unit tine is, therefore: 

da/dt ■ -55.7ne' n v(N)/H , for 20 <«< 100 keV . (11) 

For target densities typical of the chroaosphere, it can be 
assuied that a braking electron enits each photon 
mstantaneouhiy, relative to the energy-loss tine scale. In 
other vords, the electron energy docs not change during a 
l>l essstiahlung— producing encounter. An electron cf Initial 
energy * u Mill eait photons of energy £ as long as U Q > E. 
'thus, toe total nueter of photons of energy E, per unit E, 
emitted by a braking electron of initial energy v c , is: 

E 

■(E,« 0 ) •/ C_(H) n, *<W) it , (12) 

wj * 

w o 

MOere W » w(t) ; and Q (W) , the bressst rahlun g cross section, 

E 

«b introduced in Section 3.1.1. Substitution of Equation 11 
into nquation 12 yields 

E 

a (B,N ) «K / W Q (fc) dW , (13) 

W r. 

w o 

wheie K * (5b .7re*) - » . Note that a(E,N 0 ) is independent of 
tne ion density, n^ For ccspariscn with observations, it 
is isplicitiy assumed that the energy- loss tinescale is less 
tnan the temporal resolution of the detector. 

Ihus, the* total photon emission rate seen at Earth can be 
closely approximated by the product of tuo quantities, the 
initial electron spectrum, f ( u 0 ) # and the total nusber of 
photons eaitted by each electron in the distribution, 
a(S,fc 0 ), integrated ever all possible values of V Q : 


w 


1U) - (1/40R*) /"f (« Q > • (!, k Q ) dh Q 
E 


(14) 


nth u (•) evaluated according the Bet he-Heit lor forsula 
let. brown 1971) , and a(E,W ( ) defined according to Zguatlon 
1J, the total photon emission rate seen at Sarth is: 


*U) 


(1/unR*)C r K 


«"» / 
E 


n ", 



(15) 


uy reversing the order of integration and defining the 

«0 

integral electron cpectrus F (k ) * / f ( U )du , a reduced 

W 0 

expression ter 1(E) results: 

l(n) » (1/«nB*)Q K !-» /*F(k) In 

For a power-law injection spectrum, this expression is 
soiutle analytically. Taking into account the necessity of 
a row-energy lirit on the electrcn distribution, as 
previously discussed, f ( W ) is redefined as follows: 

t(«) ■ A(E 0 /k) d , (17) 

in untb of electrons s~* keV _l , where E Q is the low-energy 
cut-oft (in xeV) . Therefore, 

MM • r A (E 0 /W) 6 dH • IE* M-«»»/(d-1) , (Ifl) 

E 

in units of electrons s~ » . The tabulated Beta function 
l et, brewn 1971), B(n+1,1/2), which is defined such that 

B(nO,1/2) - ( n ♦ 1 ) /x n In 4-^4 d * * < 19 > 

0 1 ” v 1 " x 


also is used b^low 


39 

Aquations 16, IB, and 19 yield the intensity of thick* 
target a lay » froa a aolar plaiaa aeen at Barth, in 
photena ca - * * ke»- •: 

A(i) - <1/4na») KJ 0 AlQ(d-1)-»E-» /" «-«♦» ln-jf4 j^C IdW 

• (1/4n.*)KU o Al^i-4*» (d-1)-» f l wv)A-> lnj ^'l^ d (E/«) 

• (l/<*nh*) *g o e<d-2, 1/2) [ (6-1) (6-2) ]“» A(E 0 /E)6-». ( 20 ) 

ihus, mo see that the apectrua of the eaitted X rays ia 
Hatter than the injected electron apectrua , such that the 
1-ray spectral index is leas by 1 than the electron spectral 
index, 6. 

Thus far, the derivation presented in t his section has 
been concentrated on deteraining the photon spectrua 
produced by injecting a given electron spectrua into a thick 
\ target. In solar-physics research, however, the electron 

spectrua obviously cannot be acasured in sit u. The 
calculation of pertinent application, therefore, is the 
reverse of the process described above: to deteraine the 

characteristic 3 of the flare-accelerated electron 
distribution rroa an observed (or hypothetical) X-ray 
spectrua. Ibe inversion technique can be invoked, in 
principle, ror any choice of electron distribution and of 
eaissron aodul; in practice, the fora of the observed X-ray 
spectrua u. i. . exponential cr power law) often is assused 
to indicate the appropriate electrcn spectrua. Because this 
type or analysis is necessary for the aodel testirg in 
chapter 5, the effective thick-target paraaeters which can 
be derived froa X-ray observations and their relationship 
with actual physical conditions in the source region are 
included here. The aotivation for focussing cn specific 
foras of the thick-target paraaeters also is discussed, to 
ciarity the aethod of aodel testing presented in Chapter 5. 
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1 h* lovMCiion of power-law pbotco spectra to yield the 
parent election spectra la described in datall ty Brown 
(1971). la tbw thick-target can*, tha injected electron 
distribution ia aodltied l y colliaicnal energy loaaaa in the 
target region, which preferentially deplete the low-energy 
portion of tne apectrua ($£*. Eguaticn 11). As noted oarller 
(Equation 11 and following teit) , the relationship between 
the injected election apectrua and the thick-target X-ray 
apectrua la independent of the target denaity, a feature 
wnich ia unique to the thick-target caae (aee Section* 3.1.1 
and 3.1.3). At present, no act hod ei lata for direct 
deteraination of the densities in hard X-ray sources; aodel- 
de pendent calculations based on coincident analysis of 
esissions at ether wavelongths (!*.£•., Crannell e t al. 1978) 
apparently yield reasonable density estiaatea, but reaaln 
controversial topics. As a result, the thick-target 
aasuaption often is preferred for deducing electron spectra 
lioa X-ray observations. For a power-law X-ray apectrua of 
the fora 1 ( 1 ) » A l~ y photons ca~* a -1 keV-», where photon 
energy 1 is in keV, Brown derived the following expression 
for the nuaber flui of injected electrons, with energies 
above a given low-energy cutoff, required by the thick- 
target node! to account for the observed X-ray spectrua: 

/(Wj) « 2.0*10»» A (>-1)» E 0-1/2, 1/2) electrons s-», 

( 21 ) 

wnure ■ is the low-energy cutoff, in keV; A and V are the 
paraaeters wnich characterise the hard X-ray apectrua; and 
b (Y- 1/2, ‘i/2) is the Beta function (Equation 19). 

ibe thicx-target paraaeters 7(9^) and y provide a 
convenient description of the instantaneous X-ray spectrua, 
and are used accordingly in the analysis presented in 
Chapter 5. It aust be stressed that F (H^ ) does nc 
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nwceasar rl y reflect tho actual electron distribution 
emitting the observed X-ray spectrum; it can be interpreted 
a* a purely effective parameter, representing the nuaber 
tlux (electrons a* 1 ) required by tie thick-tarqet case to 
reproduce tne cbserved X-ray Clui and spectral index, 
specif iu 1 ly , if there is continuous reacceleration of the 
electrons in the source, as in a magnet' c trap (fiX* Section 
J. 1.4), then it ia aorc meaningful to consider the 
instantaneous nou-thernal esissicn soasure. Tho non-theraal 
emission seasure ia defined as fellows (Brown 1971; Hoynq 
197b) : 


n «(•>,) • 1.“6i10« hj 1 * (V-3/5)-* F(rfj) 


ca~ * 


( 22 ) 


wnere n is tae background ion density, in cm - *; and N(Wj), 
the total nuaber of energetic electrons with enerqles 
greater than . 


ihe parameters F ; w ^ ) and r N ( w ^ ) play crucial roles in the 
analysis ot Chapter 5, wherein the applicability of the 
betdtron-acceloraticn aodel (Frown and Hoyng 1975) to 
complex solar eaisslon is evaluated. Because the test of 
tne aodel requires comparison ot observed X-ray spectral 
parameters with those predicted by the aodel, for each 
observational interval within a burst, it is convenient to 
toraally characterize each instantaneous X-ray spectrum by 
the appropriate values of b(bj) and V. The effects of the 
betatron process on the energetic electrons, as reflected in 
tne bard X-ray spectral behaviour, can be characterized 


consistently 

by pa 

raxeters which 

are 

the reduced 

1-ray 

obser vat ions. 

Tbe 

the aodel. 

the 

reacceleration 

of t 

electrons by 

meat 

of the betatron 


Tbe fundamental premise of 


suggests the use of the ncn-thermal emission measure 
(aquation 22) to express tbe X-ray characteristics predicted 
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by the model. The foregoing discussion is intended only as 
a l introduction to the concept of the effective thick-target 
parameters which ate utilized later in this thesis; the 
betatron so'jel itself, and the derivation of specific 
expressions for the t.. ick-t ar get parameters within the 
context of that model, are presented in sore detail in 
i Chapter 5. 

1 he electron kinetic energy needed by the thick-target 
case to reproduce a given X-ray flux can be detersined 
I through inversion of Equation 20, and subsequent integration 

of the resultant electron energy spectrum ( e T <i . . Erown 
147b). This procedure was applied to the large flare of 
1472 August 4 by Hoyng, Brown, and van Beek (1976), yielding 
the folloving requirements: 4x10** electrons with energies 

22 5 keV, with a total energy cf 2x10** erg. These 
requireaents increase by an order of nagnitude if the low- 
energy cutoff is placed at 10 keV (Brown 1975). To 
illustrate the problem in accepting this estimate, we note 
that the acceleration of 4x10** electrons implies the 
energization of JLXSH electron in a volume of 2x10’° cm*, 
assuming a reasonable coronal density of 2x10* cr*. A 
more realistic view of the acceleration mechanism, which is 
expected to be much less than 100X efficient, would 
necessitate the involvement of an even greater volume to 
provide sufficient electrons. Kone of the observational 
evidence presently availatle indicates that volumes of this 
magnitude are involved in flares (cf . Svestka 1976). 

furthermore, the rapid intensity variation observed in 
impulsive hard X-ray bursts require acceleration on 
comparably short timescales. Mo acceleration mechanism 
proposed to date is capable of accelerating such large 
numbers of electrons, to such high energies, at such rapid 
rates. 
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*not lie i aspect o t t h •• f o— call*] "psrticls-nusbor" probles 
bucoses apparent upon considering the nusher and en«r gy of 
the i i ii c 1 1 on b responsible tor Microwave ••Mission associated 
with most impulsive hard X-ray bursts. Although the 
t it eo i •• t ical treat sent of the emission and absorption 
aucuanibss affecting the observed Microwave spectra is 
considerably soie ccsplex than that of the hard X radiation, 
the characteristics of the eaittlnq electrons say be deduced 
it a satnet sisilac to that described above for the X-ray 
spectra. For the itpulsive event of 1966 July 7, Takakura 
(1972) touud that the electron energy needed to produce the 
pea* nicrowave intensity is ap j roi laate 1 y 10'* erq »“», 
while, lor tne associated hard X-ray event, a total electron 
enerqy cl 2xlU ,a erq s - • , for electrons above 100 kev, is 
required to produce the observed peak flux ( de Feiter 1S7S). 
tuubcqur nt ly , the total kiretic enerqy of the electrons 
plod uciuq the hard X-ray event is approximately 10* times 
that ol the electrons responsible for the aierevave burst. 
Several analyses have attempted to reconcile the discrepancy 
1 between the hard X-ray and sicrewave e lectr cn-enerqy 

wstinatfcs Kelt and Rasaty 1969; lakakura 19/2; Zirin 

and lauaka 1*73; Takak«ra 1975), aostly through Manipulation 
ol the (hysical pacaseters which detersine the relevant low- 
liequency aosorpticn mechauiss (see Section 3.2.2). At 
present, it is unclear whether these effects are reasonable 
excuses tor ulisinatinq the probles, as the applicability of 
the vimious absorption processes is still under debate. 

it snouiJ bo noted that the particle-nun ber probles is 
alleviated siqaif icantl y if the thersal case is assused, 
althouqh the deqree of isprovenent depends on how "thersal" 
the source actually is. The hard X-ray/sicrowave electron- 
eneiqy discrepancy also disappears, if a cosaon source is 
assused tor both esissions (S«.j1x, Crannell 1978). 
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»l scldt-t late electrons strcaa outwards through the 
corona, tho low densities encountered result In X-ray 
(iiibgioii associated with thin-target conditions; this 
corr expends to nogl 1 j ihl» collisicnal energy losses fros the 
•bwrgotlc electrons to the asfcient aedius. Consequently, 
the electron xpectrua is not soditied by collisions, as 
occurs in thick-target situations, but resains in its 
initial tors. Equation 3 thus cisplifies to the following 
expression: 

1(a) - (AN/4ni«) /" f (W) 0 _(•) dll , (23) 

E E 

wnete Ah is the target colusn density in protons per unit 

area. for the power-law injection spectrus of Equation 17 

and the bethe-Hoi t ler forsula fer J (W) , this equation 

£ 

becoies: 

1(a) « (AH/4llS')U 0 AE 0 d E~ »^/" (Eq/W) 6 ln-j- * d W . (24) 

As in the tuick-target case, this expression can be solved 
analytically, involving use of the teta function (Equation 
1w) . 1 he result is 

i (c) « (AS/4 tiB*)Q 0 B(d- 1,1/2) (d-1)~» A (Eg/E) 6 . (25) 

in contrast to the thick-target result, we find that the 
thin-target x-ray ipectrus has the sane elope as the 
injected electron spectrux, so that the thin-target X-ray 
spectral index is greater by 1 than the thick-target 
spectral index. Ihe sost isportant characteristic of the 
thin-target case, however, is that sost of the electrons 
escape the "target" region with little or no energy loss. 
As a result, the thin-target case requires sore electron 
energy than does the thick-target c~se to reproduce a given 
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t*uy intensity. The thick-target sodel itself requires 
unreasonably large electron nutters anl total energy to 
account tor all but the saallest hard X-ray events, as 
discussed in Section 3.1.2. Tie discrepancy between the 
kinetic energy of the electrons needed to produce hard X-ray 
bursts and tbat of the asscclatcd aicrowave events (see 
Section J.1.4) also is exacerbated ter the thin-target case, 
inerctoie, the thin-target eaission models have been 
discounted, tor the aost part, as viable explanations for 
most hatd i-ray bursts de Feiter 1975). 


j. i. « iiAU-iadsia 

heither thick- target nor thin-target models for 
production ot solar bremsstr ah 1 ung X rays can fully eiplain 

k 

all ieatures of the flare phenonenon. The shortcomings of 
noth cases nave been discussed thoroughly by several 
authors, including Hudson (1973), Kane ( 1979), Brown ( 1975), 
and Svettka ( 1976). To summarixe, we point out the major 

'1 

faults in each model. In a purely thick-target situation, 
all tht electron energy is deposited in the dense 
I chroaosphote/transition zone; consequently, this cannot 

provide type II I bursts, interplanetary electrons, and 
"nehind-the-liab" X-ray bursts, which are observed at 
height*, well above the chtcacsphcre. On the other hand, the 
tain- target case cannot account for the flare emissions 
which must ccae from the photosphere and chrcaosphere ( i, ? T , 
H-alpha, tuV, and soft X rays), and requires even more 

[ energy than the thick-tarqet case to reproduce a given X-ray 

spectrum (see Sections 3.1.2 and 3.1.3). 






Thus, it seeis natural tc consider sources which combine 
the features of both thick- and thin-target models: the 

electron trap models. As originally proposed by Takakura 
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Add Kai (196o) , the prototype trap model lescribed hard X- 
uy and microwave bursts in teres of energetic electrons 
magnetically trapped in the corona. The discovery that soft 
k-tay flares occur prisarily in magnetical 1 y-bounded loops 
in the chioaot phere/corona added further credence to the 
idea that the impulsive emissions also originate in a loop- 
shaped trap. The initial hypothesis of Takakura and Kai has 
been greatly aodified over the ytars, for better igreeaent 
with the hard X-ray and microwave observations and with 
advances in theoretical treatments of the problea. fin lor 
work on the subject has been done by Brown and Hoy ng (1975), 
brown and Hcclymont (1976), Melrose and Brown (1976), and 
nmslie, HcCaig, and Brown (1979). 

The tost striking difference between the earliest trap 
models and the currently-accepted versions is due to the 
realization that precipitation of electrons nust occur in 
trap models, thus providing the aore appropriate 
nomenclature H t rap-p lus-precipit at ic n" models (Melrose and 
\ brown 1S7o). The inclusion of a precipitating ccaponent 

results from Coulomb scattering of electrons into the loss 
cone‘(l*i*i* diffusion in pitch angle), at a rate which is 
estimated to be 2 to 3 times the collisional energy- loss 
rate (Hudson 1972; Melrose and Brown 1976). Unlike thick- 
and thin-target models, the trap-plus-precipitation model is 
compatible with the high coronal location of behind-the- limb 
events, yet also allows heating of the denser chr cnos pheric 
layers by the precipitating electrons. 

lor convenrence, the k-ray eaission in the trap-plcs- 
pr eerprtatrou model may be divided into two components: 

croi the electrons within the trap, and 
target X rays from the precipitating 
ing Melrose and Brown (1976) and Sections 
zplicit ezpressions for I T (E) and I p (E) 
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are derived below. In this treatment, save- particle 
interactions and collective effects have been ignored, and 
ale expected to be negligible (Melrose and Brown 1976). 
troa iqu«t ions J and 6, the X-ray spectrua troa the trapped 
erections is : 

i-d*) - (l/4nR*)n (2/n)»* /"h»* 0(H) f (W) d H . (26) 

T * £ E 


1 he precipitating coapcnent produces thick-target X rays, 
wnicb can be evaluated by the aaae aethod as in Section 
J. 1.2. Here, however, the electron distribution is relate! 
to the trapped-electron spectrua by the precipitation rate, 
tp(H), so that there are r p (N) £ (W ) precipitating electrons 
per unit energy range per unit tine. In the weak-dif fusion 
liait, tno precipitation rate is s<aply twice the Couloab 
energy-ioss rate, that is, 

r p (W) » 2 r Q , (27) 

wnert r Q • bx 10“ *n e s -*(ke»)*«. Thus, following Equations 

12 through 14, with dH/dt^-r^ H~ l/ *, we have 

W 

± p (t!) - (1/4nR*) n t (2/a) r p( H) f(H)dH/w o Q ^ Q )dv Q . 

E E 


Substituting for r p according to Equation 27, the 
precipitating electron X-ray spectrua is found to be 


l D (i) - (1/anR*) n. (2/a) »*; 2K->* 
p 1 E 


W 

£ (W) drf/ H 


<V 


dU. 


(29) 


»tter partial integration of Equation 29, the expressions 
tor 1^ and i p aay be combined to yield the total X-ray 
spectrua froa the trap-plus-precipitation an del: 


l(s) » r T (E) ♦ l p (E) 


# 


(30) 


- (l/UnR*)!^ (2/a) i»/ (M)Q t («) d H 

w hurt* 

t of (h) - «H> ♦ 2 «*■/' « 0 -«* f(« 0 ) dH 0 . (31) 

w 

f , (h) C4H be interpreted as the equivalent electron energy 
spectrum in a trap aodel without precipitation. In other 
words, t (w) produces the saee X-ray spectrue in a trap- 
pius-precipitation situation as does £ e f (b ) in a trap 
without precipitation. 

In tne case ct a power-law electron spectrus, we note 
tuat the X-ray spectrus fres the precipitating electrons is 
proportional to that fros the trapped component, so that the 
spectral indices are identical. The spectrus of 

precipitated elections is steeper than in the trap itself, 
due to its collisional origin, just enough to balance out 
tne greater hardness of a thick-target X-ray spectrus 
relative to a trap esission spectrus. 

Irap aodels in general have an additional advantage over 
pure thick- or thin-target aodcls in that the trap itself 
can account tor rapid variations in the X-ray spectrus. In 
non-trap situations, intensity increases within a burst can 
lesult only fro* injection of new particles; and even for 
soderate events, an unreasonably large nuaber of 

acccelerated electrons would be required to account for the 
obseived flux (ct . Section 3.1.2). K trap allows for 
continued reacceleration cf the trapped population of 
electrons, perhaps through pulsations in the aaqnetic 
structuie of the trap (see Chapter 5), thus avoiding the 
particle- nua ber problem. The energy requirements in either 

Case resdin problematically large, hewever, as a difficulty 
intrinsic to all non-thersal models Brown 1976). 
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io uti^tu this ostrese energy deaand while retaining 
tti u advantages of a trap, several recent efforts have been 
devoted to the development ct a "guasi-thor aal" trap aodel 
(blown, Melrose, and Spicer 1979; Saith and lilliequist 
1979; Vlanos 1179; Vlahou and Fapadopouloa 1979; Brown, 
uoiy, and Ka r pen 1980). Ir. this acdel, the X rays eaanate 

primarily froa a hot (T of order 10* K) theraalizad 

electron plasaa, essentially confined to the to; of the loop 
by a pair of conduction fronts which propagate at the ion* 
acoustic speed down the legs of the loop. Electrons with 
velocities greater than 2.6 tiaes the electron theraal 
velocity aie not confined by the slowly aovinq fronts, 
nowevet, and precipitate down to the footpoints. Some 
thick-tar get X rays are eaitted ty this precipitating 
coaponent, but the bulk of the X radiation coaer. froa the 
theraal electrons. According to Saith and Lilliequist 
(1979), the flaxwellian-plus-tail aodel is at least 20 tiaes 
mote efficient (ia.£a., requires 20 tiaes less energy than 
non-theraal trap aodels. Coaplesity in the intensity 
structure or a burst aay be achieved by aeans of nuaerous 
flaring "kernels", instead of a single bulk-heated plasaa at 
the top ot the arch; this possibility has been investigated 
by Brown, Craig, and Karpen (1980). 

J.2 

i he basic connection between hard X-ray and aicrowave 
emission during flares was recognized quite early in the 
history ot coincident observations at these wavelengths 
(hundu 19t>1,1965). Intensit y- versus-t iae profiles of 
iapulsive aicrowave events closely reseable the associated 
haLd X-ray profiles, although the reseablance generally 
deteriorates during the decay phase. The teaporal 
coincidence between aierewave and hard X-ray eaissions 
during a flare was established originally by Kundu (1961), 
anderson and winckler (1962), and de Jager and Kundu ( 1963). 


so 




in recent years, the availability of coordinated 
observations with improved teaporal resolution has led to 
the contiraation of this striking correlation, even in snail 
structural details of the flux (lots (£&£&, Figures 4-3 and 
4-4). however, our understanding of the physical aechanisas 
behind this relationship reaains incomplete, with several 
coapeting sodels ccrrently being prosoted to explain the 
observed characteristics. This section of Chapter 3 is 
devoted to the ispulsive microwave esission: what the 

properties of sclar sicrcwave bursts indicate about the 
physical nature of their sources; and how these sources aay 
be related to the source of the associated hard X-ray burst. 

1 he early (pre-1965) history of solar slcrowave 
observations and interpretations is reviewod coaprehensively 
by Kundu (1965). Microwave bursts from the Sun were first 
observed by Covington and coworkers (Covington 1948,1551). 
Systeaatic studies of these events initially appeared during 
the 1957-1956 International Geophysical Year (1GY) , and have 
continued thereafter. Throughout this dissertation, the 
frequency regiae denoted "microwave" is defined to be 
between 2 and 100 GHz; most sicrcwave observations, however, 
only cover selected frequencies in the range 2 to 20 GHz. 
it present, the technology cf aicrowave observations allows 
nore coapreneusi ve coverage than is attainable for hard X- 
ray observations. Polarization data and spatial inforaation 
have been obtained for nuiorous aicrowave events, while the 
teaporal resolution of aany facilities has reached the 
millisecond unje. Microwave events associated with the 
impulsive phase are classified variously as Type A/Sivple 
bursts and impulsive Outbursts (kundu 1959,1965), as well as 
the Siaple 1, Staple 2, Spike, Coaplex, and Great burst 
categories used by the Sclar-Geophysical Data reports let. 
Solar-Geophysical Data Descriptive Text 1970). The Complex 
and Great bursts often evince a second, non-iapulsive stage; 
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the following discussion is applicable primarily to the 
aiaple/Spike bursts and the iapulsive portions of Coaplex 
and Great bursts. 

as was the case for the hard X-ray eaission processes, 
cany aicrovave observers correctly identified the general 
eaission aechanisaa responsible for aicrovave bursts during 
solar flares: the qyrosynch cotton or the synchrotron 

process. doth types of radiation originate in high-energy 
electrons, spiralling around a agnet ic- f iel d lines. In 
coaparikon to the breasst rahlunq process, the intensity, 
polarization, and directivity of (gyro) sync hrotron eaission 
depend cu the saae source paraseters, with an iaportant 
aaditior: tne sagnetic- fie Id strength and geoaetry along the 
electrons' path. As a result, the analysis and 
interpretation of aicrovave spectra are considerably sore 
cosplicated than for hard X-ray spectra. Further sore, the 
solar ataospnere is practically transparent to hard X rays 
but not to aicrowaves. Ihe effects of the plasaa above the 
source greatly aodify the outgoing aicrovave eaission at 
lower frequencies, and aust be taken into account. 

Gyrosyncnrotron and synchrotron eaission are 
differentiated by the energy of the eaitting electron: 
synchrotron eaission coses froa relativistic particles, 
wnile gyrosy nchrot ton denotes a sildly relativistic source, 
because very high electron energies and extreae brightness 
teaperatures are required by the synchrotron process for 
agreesent with observed spectra, this process is considered 
a viable eaission aechanisa only in large bursts, 
particularly to explain the so-called "aicrovave type IV" 
pneucaera. Other features support the gyrosynchrctron 
hypothesis: the electron energies inferred froa 

observations by aeans of this hypothesis, whether a theraal 
or a non-theraal spectrua is assuaed, coapare favorably with 
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the predictions of lost Models of «l«ctroa acceleration In 
tlsres; the d« « of polarimt ion, usually circular (Kundu 
I9t>5), is typ al of g yrosy nchrot ton radiation; coherent 
plausa tnuion, as suggested by Bhatia and Tandon (1970), 
Mould regurre unreasonably large Magnetic-field strengths (B 
> 10* G) ; thersal breasstr ah lung (Hachenberg 195H; 

Hachenberg and Wallis 1960; Takakura 1967) cannot reproduce 
t be spectral shape of the la jonty of aicrowave bursts, 
lherctoie, tne g yroayncbcotron process is preferred as the 
source ct repulsive alcronave radiation during flares. 

within the past decade, several theoretical analyses of 
gyrosynchrotron esiasion under conditions relevant to solar 
llarws have appeared in the literature (Baaaty 1969; Holt 
and haaaty 1969; Takakura and Scalise 1970; Takakura 1972; 
«« saty and Petrosian 1972; Kovalev and Korolev 197%; 
larnstros 1976.1977; nitzler 1970; £ulk, Helrose, and White 
1979). Although solar sicroMave esisslon and its 
replications about the flare phenomenon are not thoroughly 
understood, the abovesenticned analyses have enabled 
significant progress in the foraaticn of a clearer picture 
or the Loleb played by energetic electrons and the co>(riei 
Magnetic- field topology in flares. In all studies of 
gy rosagnetic eaission and propagation through the anbient 
aediua, the electron plasaa freguency and electron 
gy rot leguency play prcainent roles. The plasna freguency 
uescribts the oscillatory peried of electrons within a 
piassa, the corona in this irstance, due to tho lcng-tange 
t oices coupling the particles; it is defined as follows 
(hrali and .nvelpicce 1973) : 

t p ■ (n e e«/n ■ ) 0 *’ 

« 6.7*10” * n t< NHz 


9 
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wnete a e u uu local electron density In cs-*, and s, the 
mass ol the electron. The electron gyrofr equency is the 
u«ju«ncy at which an electron will apical around a 
particular m agnet ic- i le 1 1 liu*, and ii defined an follows: 

t_ ■ • B (1-t») a */2® sc , (33) 

where u is tuw magnetic-field strength; c, the speed of 
light; and b, the ratio of the electron velocity to c. The 
( 1 - b * ) °** tecs is a relativistic correction, sore 
recognizable as the inverse of the Lorentz factor, T, where 
r* [ l/lWb 1 ) ] M . In the non -relat iv ist ic liait, this ters 
is approximately unity, sc tha v . 

f » 2. d B 1Hz , (34) 

H 

lor b in gauss. This approximation is adequate for the 
tnersal case, because the steep electron energy spectrus 
ensures that the contribution firs relativistic electrons is 
small, however, the Lorentz factor reappears in the non- 
tnersal case, discussed in Section 3.2.2. 

Section J. 2. 1 comprises a quantitative overview of 
gy rosy nchrot ron sicrowavo emission from a thermal population 
or electrons, as a counterpart tc the hard X-ray source 
^resented in section 3. 1. 1. C yros y nchrotro n radiation from 
a non-tbersal electron beam is considered in Section 3.2.2. 
in parallel with Section 3.1.3, the final section of this 
chapter covers aierewave ealssicn in models which combine 
tnersal and non-theraal scurce characteristics. 

3. 2. 1 IfcfitlAl-iiJIflJ XA£JU2iI2n 

Ihe brrqntness temperatures of impulsive microwave bursts 
ate typically cf order 10* to 10* K (1 to ?00 keV) at fluz 
i. a xi bui (Kuudu 1965). These high temperatures, together 
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with the observed polarization of sany bursts, originally 
1 tfJ solar radio observers to conclude that ths ssission sust 
cos« fros a ncn-thersal population cf electrons. This 
assumption has been challenged recently, as a response to 
mounting evidence that soae hard X-ray bursts originate in a 
not thermal plassa (Crannell et al. 1978; Slcan 1970; 
Mltzler et d i. 1970). Also, tie spectral shapes and 
intensity profiles observed during sany sicrovave bursts are 
consistent with a thernal origin, as originally auggested 
(but vroogly attributed to bressstrahlung) by Hachenberg and 
■alii* (1 9t> 1) . Models in which the ispulslve X rays and 
sicrovaves eaanate fros the saa< electron population are 
attractive because, in these sodels, the close sisilarity in 
sard X-ray and sicrovave intensity structures during 
coincident events is a natural consequence of a ccsson 
source. the gyrcaynchrct r cn esission evaluated in this 
section can be thought of as originating in the ease thernal 
plassa that prcduccd the hard X-ray esission ot Section 
\ J. 1.1. 

ihe characteristics of sicrovave radiation fros high- 
tesperature plasaas were investigated originally by plassa 
physicists I s. l . . Irubnikcv 1961; Hirshfield, Baldwin, and 
urovr. 1961; Hirshfield and Brown 1961; Druanond and 

aosenbluth 146); Shukla and Singh 1972). However, the 

source conditions of interest to plassa research, 
particularly those applicable to tokamak and other plasna 
machines, are not necessarily appropriate for solar-flare 
situations. More recent analyses by solar physicists, as 
well as plasma physicists interested in the solar-flare 
problem, have concentrated on the density, temperature, and 
sagnetic-f leid strength regimes typical of solar flares. 
Mfttzler ( 1 9 7 o ) and Culk, Melrose, and White (1979) have 
calculated the gyrosynchrctrcn esission fros electrons with 
a haiwellian energy distribution, for temperatures above 
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1u* K and densities typical of the solar corona, 4 1th 
similar results. The following discussion is based 
primarily on material in these papers, as sell as relevant 
portions ot umkefi (1960). 

lor thermal plasmas tilth tmaperatures above 7 kt»v in 
which tiM magnetic energy density exceeds the theraal energy 
density, tho total g yros y nchrotron eaissivity exceeds the 
bi emsst ishlung esiasivity by several orders of eiiltude 
(Mltsler 197a). In the aierewave range, the g yroa ynch rot ton 
component dominates completely. Conseque nt ly , 

hr eaastranlung at aicrovave frequencies is neglected here. 

it the uou-relativistic liait, tte gyroaagnetic emission 
spectrum from cne electron or an enseable consists cf a 
series of lines, each at a haraonic of the g yrof reguency fg, 
with intensity decreasing and halt-width increasing towards 
signer haraortics ( e.u .. Eekefi 1966, Figure 6.10a). is 
highet electron enotgies are considered, the Lcrentz factor 
becomes sigmiicant and the electron velocity distribution 
must be considered. Consequently, the spoctrua loses its 
uiscietc-line character at all but the lowest frequencies, 
while the frequency at which the aaxisua intensity occurs 
shifts to hiqnor haraonics. In their study of microwave 
emission froa quasi-thersal electrons in solar flares, Oulk, 
Melrose, and white (1979) conclude that the haraonic nunbers 
ot interest are in tne range s*f/fg~ 10 to 100. 

we Ltieny consider propagation effects on thermal 
gy rosynchrot ron spectra. nest of these effects are such 
sole important for non-thersal sources, and will be covered 
in depth in Section 3.2.2. The influence of the corona on 
the outwardly-propagating microwave eaission is confined 
primarily to the lowest haraonics of the gyr of reguency , for 
the following reasons. ladiation at and below the local 
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plasma frequency will be suppressed totally. Because the 
electron density decreases with height In the solar 
atmosphere, the highest plasaa frequency of concern is that 
oi the source region. For typical burst densities, 
u e ca - *, the -orr*joonding plassa frequency Is in 

the range f ~ 100- 1000 MHz — at a'ist equal to the lower Unit 
ot the frequency range considered "aicrowave". The process 
of gyrcresonance absorption is s ») f-eiplan ator y : the 

absorption of gyrosycchrotron esistion by thersal electrons 
in the anbrent scdius, with aa.iaua absorption at 
"resonances" (harsccics) of the local gyrof requency . In 
essunce, the actual mcchaniss is identical to 
gyrusy nchrotton self-absorption (see below) ; gy roresonance 
absorption is due to elections which are not sources of the 
burst-related eaission, whereas self-absorption refers to 
absorption by the gyro-esitting electrons themselves. 

Gy rorescnance absorption by thersal electrons in the coronal 
piasaa in aud above the source affects predominately the 
lowest ha l monies: typically, the fundamental and second 

fearsome for the ordinary mode, and the fundamental, second, 
and thud hainonics for the extraordinary mode (£,£* Kundu 
1965; ladaxura 1967; alsc Section 3.2.2). Magnetic- field 
strengths in sost burst sources are in the range 70 to 
7u0 G, corresponding to t B ~200 to 2000 MHz; for the lower 
Held strengths, then, even the third harmonic is safely 
below the aicrowave range. In the non-thersal case, where 
emission at lower harmonic numbers predosinates (see Section 
3. ..2), thersal g y roresonance absorption has significant 
i&iu nee on the spectrum. On the other hand, the harsonic 
numbers of relevance to thermal sources are sufficiently 
high that gy roresonance absorption can be neglected. Free- 
free absorption by coronal electrons may contribute 
negligible absorption at aicrowave frequencies (Holt and 
fcaaaty 1969). However, for sources at sufficiently small 
heights or low temperatures, this absorption mecharism could 
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doarnatt (auaaty and Petrosian 197 2; Mtzler 1976; narsh *xl 
ftAa I960) . « detailed discussion of fres-free absorption is 

given lb section 3.2.2; it is shewn that this process can be 
neglected rot the thernal sources studied in this section. 

1 he resuming absorption process of interest is 

gyrosynchrotron self-abiot ption, which is the reabsorption 

oi the radiation by the source electrons thesselves. For 

tne densities, aagnetlc- field strengths, and tesperatures 

observed during solar bursts, sel f -absor pt ion is a r. integral 

part of the eiissicn process. The Fazin suppression 

aecnanrss Section 3.2.2) also sust be considered, 

since the sell 'absorption process and the Razin effect are 

highly interdependent (fcataty 1969). As is shown in Section 

3.2.2, the densities and a agnotic- f ield strengths typical of 

tost tnersal 'irsts identified to date Crannell 

197b) yield Razin cut-off frequencies which nro well 

oelow the aicrowave range ( ^ , g . . t ~ 200 HHz) . Dulk, 

K 

Melrose, and white (1979) confirm that the Razin effect has 
little influence on the absorption coefficients of thermal 
g y rosy nchrot ron sources, tor the frequency range, magnetic- 
lieid strengths, and densities relevant to iapulsive 
*icrcwav>> bursts. 

The taission and absorption of a Maxwellian plasaa are 
related by Kirchoff's Law; thus, to solve the transfer 
equation for the intensity as a function of frequency, only 
the absorption coefficients need to be known. Both the 
extraordinary and the ordinary (x and o) nodes aust be 
considered, since the absorption coefficients for these 
aodes can differ greatly. The transfer equation for an 
isotheraai point source (Eekefi 1966; Nltzler 1978) yields 
the lollowing expression tor the intensity, in each aode, 
seen at Larto: 

sf u 


Vx* 1 * * °‘ 08 f * * < 1-««P*- T 0fX ) 1 


(35) 
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where f is the frequency in GHz; T, the temperature in keV; 
and t {) x , the optical depth, is defined sore precisely 
below. law solar flui unit ia defined as 1 
btu * 10~>* * a~* H*~ * • To find the esission f ion an 
extended source, Equation 35 aust be integrated over the 
projected area, A. The optical depth, r , is the llne-of- 
sight integral of the abserption coefficient, k, such that 
t ■ / k dz . Those aierewave bursts observed to be 
polarized are nearly always circularly polarized )Hagun and 
NHtzler 1 5 1 J) • If node-coupling is assumed to be 
negligible, then the total intensity equals the sua of the 
intensities in the two nodes, each of which is expressed an 
follows: 


I 0|X UI * f* T / [ 1-exp <“T ox )] dA sfu . (36) 

1 he total intensity, I, then equals the sua l () *l x . The 
degree of circular polarization is defined to be (I x -1 () )/I. 
equation 3b can be simplified for two Uniting cases: r <<1 

and r » 1. Thus, 


A. 


o,x 


(f) 


0.C8 f* T A >>1 

0..08 f * T /t d A <<1 

A 0,X 


(37) 


At intermediate optical depths ( r at 1) , of course, neither 
appicxifedtiou is valid. However, the frequency range over 
wnich t at 1 is very narrow, due to the snail physical depth 
of this "skin" between the optical ly-thick inner volume and 
the surrounding optical 1 y-th in plasma. 


lo solve tor 1(f), functional forms for r o x (ix£ x , k Q x ) 
and tor dA aust be chosen. The absorption coefficients, 

* 0 x , incorporate a ccnilex dependence on the plasaa 
temperature; aagnet ic- f ie Id strength; electron density; 

hdiioi'c number, or f/fgj and the angle between the line of 
sight and i*>e magnetic field of the source. The angular 
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dependence cad be eliminated either by assuming that all the 
emission is in the e itraor dinary mode, so that the radiation 
is propagated perpendicular to the field lines (q. q. . Dulk, 
Ac nose, aud ahite 1979), cr by averaging k e x over all 
directions, yielding an average value which is approximately 
1/4 of the aaximum value (&a.£a.* Nitzler 1978). The 
following expression for r is given by Afltzler (1978) , for 
temperatures, densities, and magnetic fields typical of 
flares: 


T o,x aB e * (f o,x/ f )“ * < 3R > 

wnere o is a slow function of T ( ar < 10 for 1 > 20 keV) , and 

t Q x , the turnover frequency for the node of interest, is 

the frequency at which r 0 x » 1. 

i he determination of dA as a function of frequency is 
dependent mainly cn the density and magnetic-field gradients 
within the source, neither of which can be measured at 
present with adequate temporal and spatial resolution. The 
choice of source-parameter geometry is at best an 

intelligent estimate, although the set of physically 
reasonaile cases is limited ty theoretical considerations as 
well as available interferometric and magnetographic solar 
data. At a given frequency, the projected source area 
consists of an opt ically-thick inner region, surrounded by 
an optically-thin region; as mentioned previously, the 
boundary between these two components is relatively sharp. 
Because the brightness of the optically-thin region is 
smaller, by a factor of r , than that of the optically- 
thick part, the integration in Equation 37 can be reducer *o 
the problem of deriving the total optically-thick area at 
each frequency. for example, PAtzler (1978) defines a 
monotonicall y-decreasing distribution function for dA(f) 
expressing the fractions of the total area with turnover 


it eguencies in the range t Q x to f 0iJ( vdf 0X . The for* adopted 
lor this distribution function allows certain aagnet ic-f ield 
topologies within the source to be incorporated in the 
calculated spectra. 

Disregarding the dA tera for the aoaunt, we now see the 
general toia of the isotheraal gyrosynchrotron aicrowave 
spectrum: telow the turnover frequency, the eaission follows 
the *a y leigh-Jeans eapression for black-body radiation, and 
is pLopcr tion« 1 tc f*; while at frequencies above the 
turnover, the flui density follows a power law, decreasing 
sharply with increasing frequency. The oxpenent of this 
power-law fit to the optical ly-t hin part of the spectrua is 
(-<»♦!), according to nfltxler (1978); thus, aicrowave 
observations at high frejuencies could be used to derive a, 
and hence the source teitperature, T flitxler 1978; Dulk, 

Melrose, and white 1979). 


unfortunately, good aicrowave coverage at frequencies 
above 15 Uttz is (parse, although this situation is being 
alleviated through recent additions and iaproveaents to 
receivers at Oerne, Nagoya, Toyokawa, and othor 
observatories. A more feasible aethod of determining the 
source temperature is by means of spectral fitting to the 
hard 1-ray data (see Section 3.1.1). Coincident hard X-ray 
and microwave coverage provides a powerful tool for 
deter (iration of conditions within flaring regions. The 
areas and temperatures derived for the single-spike bursts, 
through joint analysis of hard X-ray and microwave data 
(oranneri ot al . 1S78) , are comparable to the values 
obtaiued from high-resc luticn interferometric observations 
or impulsive aicrowave bursts ( Alissandrak is and Kundu 
1974,197b; Marsh and Hurford 1980; Marsh e t al. 1980). One 
application for coincident data analysis, described fully in 
Chapter 4, enables the calculaticn of the aag net ic-f ield 
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strenqth vitnin the source, as well as its evolution 
throughout the flare. This technique is briefly summarized 
here. The formula* tor the total flux, 2(f)# as presented 
by NRtner (1978) or Culk, Melrose, and White (1979), can he 
r u verted to yield the frequency at which a particular flui 
xs observed. The relationship is sisplified greatly by 
concttitr* ting on the flux at the turnover frequency, which 
xs at or near saiisus intensity. Because r , x * 1 at this 
frequency, the definiticn t q x k Q x «, where z is the 
ettsctxve depth alcnq the line of eight, and k.\ analytical 
expression tor x 0 x ( c f g , . Hit tier 1978, Equations 1 and .1) 
say be used to derive f . Total-flux observations include 
eaxssict f roa both nodes, so, for conparlson to observed 
spectra, xt is convenient to introduce the turnover 
frequency tj, defined as the arithsetic average of f Q and 
t x . The resultant expressien tor is detersined by the 

source i a rase tors 1, B, and n (l z (see Section 4.2). The 
dependence on the cclunn density is slight, so that adopting 
a value typical ot the lover corcna sill be sufficient. As 
previously suntioned, 1 can be derived fron the hard X-ray 
data. Thus, 4 simple relationship is obtained between f^. 
and b. lhe naxiaun sagnetic-f i cld strength in the flaring 
region, at a given tine, can to found fros the observed 
sxcrowave and hard X-ray spectra. It is crucial# when 
xsplesetiting this procedure, to ust simultaneous hard X-ray 
and sicrowave spectral intorsation, preferably with 
cusparatxe temporal resolution. 

contrary to earlier beliefs, a thermal plasma gan eait 
polarized gy rosy nchiot ton emission. A significant degree of 
circular polarization can be expected fros therial microwave 
sources, primarily at high, optically-thin frequencies. For 
tne simple case where the temperature and magnetic field are 
constant throughout the source and sharp boundaries are 
assuaed, tne optically- thick portion of the spectrum will 



show no polarization, while the opt ical ly-t hin part will be 
highly polarized (up to 90%) in the extraordinary acde. 
(fiatzlei 197d; Oulk, Melrose, and White 1979). In real 
sources, however, the density Bay well be non-uniform, the 
magnetic- field topology aay be ccaplex, and edge effects nay 
prove significant. As a result, the degree of polarization 
observed during a sclar burst probably will deviate free the 
"ideal" case. 


j. 2 . 2 IfiUzih£iI9l_£lEflSj£fl£l!I2iIOB 

In bections 3.1.2 and 3.1.3, the hard X-ray emission from 
a dilute bear of accelerated electrons was described. These 
electrons also will eait gyrosynchrotron radiation upon 
interacting with the axbient nagnetic field of the solar 
atmosphere. The calculation of the gy rosync hrotron emission 
act a non-themal electron distribution is considerably 
more complex than for the thermal case: the directionality 

or the beam aust be considered and, because Kirchoff's Law 
uo longer applies, the enissivities and absorption 
coefficients must be determined separately. The actual 
derivation of the exissivity and the absorption coefficients 
is guite complicated and not directly relevant to the 
purpose! of this thesis. Thus, this section comprises a 
mostly qualitative discussion, with formulae for useful 
quantities (such as the total flux density) presented as 
appropriate. Detailed calculations are given by Takakura 
( 1 9b 7) , tamaty (1969), Takakura and Scalise (1970), Trulsen 
and hejer (1970), hild and Hill (1971), and Tarnstrcm 
(197t, 1977) . 



The emissrvity fer a single electron moving along a 
helical patn, at an arbitrary angle to the magnetic field 
direction, is a function of the electron energy, the 
magnetic-f leld strength, and the pitch angle. For an 
ensemble of electrons characterized by a known energy 
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distribution unction, t ho total eaiasivity is found by 
suaaing the discrete contribution fros each electron. As a 
result, the g yrosynchrotron eaission fros an electron boas 
does not appear to be nadc up of discrete lines, as does the 
single-election spectrum, tut is M sseared out" by line 
moadening due to the relativistic change of aass at hiqher 
electron energies (Bekefi 1966; lakakura 1967). As in the 
tnersal case, the eiissivity for each aode, j () and j x , sust 
be deterained individually. II the line of sight is 
perpendicular to the magnetic- fie Id direction, the 
•msaivity is zero for the ordinary node and non-zero for 
the extraordinary node; for this reason, some theoretical 
studies of gy rosynchrotron eaission assuae this orthogonal 
geoactry, so the extraordinary aode alone can he considered 
(y, u.. tulk, .lul rose, and White 1S79). As long as the 
eaitting electrons are only aildly relativistic, the 
eaissivity in the extraordinary aode always exceeds that in 
the ordinary aode (Holt and Eaaaty 1969; Eamaty 1969). 

Xhe radiation at low frequencies (harmonic nuaber < 10) 
can be influenced by several processes: absorption below the 
piasaa frequency, the Eazin effect, free-free and 
gy roresenance absorption by the aabient thermal electrons in 
the corona, and gyrosynchrotron self-absorption. 

Absorption below the piasaa frejuency was discussed in 
hectiou 3.2.1. It was shown that this process only could 
affect the aicrowave spectrum significantly if 
n ( , > 10 1 1 cm~*, which is higher than the densities typically 
observed in iapulsive aicrowave burst sources. 

Ihe udiin effect is intrinsic to electrons radi ing in a 
background piasaa and not in vacuun; for this reason, it is 
aiso referred to as "medium suppression". Because the index 
of refraction in an ionized aediua is less than unity, the 
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Mtibkivity of individual electrons is suppressed, while the 
corresponding absorption coefficient (for self-absorption) 
is reduced as well. Hence, the Eazin effect and 
gyiObynchrotLcn sel f-absor pt ion are highly interdependent, 
anu Bust bo considered sisultaneously in any self-consistent 
treatnert of jy ros ynchrotron processes in solar flares, 
aassty and Linqenfelter (1967) and Rasat y (1968) introduced 
a critical paiasetcr, a, which is a seasure of whether or 
uot the lcw-r revjuency osission fro* a particular electron is 
suppressed. This paranetcr is defined as 

« * 1.5 f B /f p # (39) 

vnere f_ is the gy rof cequency (liquation 14) and fp, the 
pias ia frequency (Equation 33). Gyrosy nchrotron radiation 
iron an electron of energy I'sc r ( r is the Lorentz factor) is 
greatly reduced at lew frequencies if aT< 1; this condition 
obtains when either the nagnetic field is sufficiently low 
and/or the density is sufficiently high to produce an 
appropriate ratio of fg and fp (see Equation 39). 
iurthersore, if al'« 1 (low I ), tie total radiated power is 
strongly suppressed; this results fros the cosbined effects 
ot the lazin sochanisn and the saall esissivity of sildly- 
relativistic electrons at high frequencies (fcasaty 
19tob, 1 9b9) . 

The effect of Bazin suppression on the spectrus as a 
wnole can be expressed in terns of a cut-off frequency, f , 
below which the spectrus is severely nodified. This 
critical frequency depends or source paraseters as follows 
(Ginzburg and Syrovatskii 1965; Easaty and Petrosian 1972): 


f 


R 


MHz, 


(40) 

















2x10-* r./B, 
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where 2 is the source magnet ic- f i el J component 
perpendicular to the line of sight, in gauss. Although this 
focaula was derived initially for synchrotron radiation by 
ultrarelativistic electcons, Raaaty (1969) found that this 
expression agrees with the value of f^ obtained for alldly- 
relativistic electrons frea detailed nunerlcal analyst a, to 
within 106. thus, the paraaeter f defined in Equation 40, 
is suitable for application to g yt osynchrotr on spectra. Por 
the theisal spike bursts studied by Crannell et al . (1978) 

and nattier et al. (1978), the densities and sagnet lc- field 
strengths within the emitting regions were found to be of 
order 10* cs** and 100 G, respectively, corresponding to a 
hazin cut-off frequency cf f R « 200 KHz. Because this 
frequency is well telow the aicrowave range, the Razin 
effect is tegligible for these and sisilar theraal events, 
lor non-theisal sources at greater depths (higher densities) 
in the chroaospkere/cor ona, the Razin effect does becoae 
iaportant. is an exanple, if n fl ■ 10** ca~>, as in sose soft 
A-ray bursts, and E * 400 G, then f R « 5 GHz; those nicrowave 
spectra observed tc turn over at 5 GHz aight originate in 
the saac source as the soft X-ray eaisslon and be doainated 
at low frequencies by the Bazin suppression aechanlsa. 

lhe absorption coefficient for free-free absorption is a 
function of frequency, source tesperature, and electron 
density. As was done to evaluate the effects of Bazin 
suppression, the free-free absorption can be characterized 
by a critical frequency, f^ , below which the spectrua is 
strongly absorbed by this process. Thus, after Raaaty and 
fetrosian (1972): 

f,_ » 2x10-»* (EH) <ta/T*«** A<« H Hz , (41) 

br 

where the eaisslon aeasure EH * n e *V in ca~ J (see Section 
3.1.1), V being the voluae in ca • ; T, the tesperature in 
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keV; ana a, the projected area of the source in cm' (where 
it is assumed that »«AL, L being the linear depth of the 
source). For typical spike-burst paraneters 

( hH»5*10*» cs~ * , 1*32 ke», end AeSi10 >r ci* ), Equation hi 
yields t br «1i NHz. Therefore, we conclude that free-free 
absorption within these theraal sources is negligible at 
sicrcvave frequencies. Since the cut-off frequency for 
tree-tree absorption is inversely related to tesperature, 
however, this process can becose significant if the lower- 
tesperature swdius in or around the esittinq region , such 
as the corona, is considered. This is of particular 

interest in non-thcraal scdels, wherein the flare region 

coaprises a dilute bean of high-energy electrons issersed in 
the asbient solar cnroaosphere/ccrcna. To illustrate: if 

typical values for source density, n e ~10»° c«->, and size, 
ci, are assuaed, we can derive the tesperature for 
which the free-free cut-cff is located at a particular 
sicrowave frequency. For GHz, a conaonly observed 

turnover frequency. Equation 41 yields T » 2« 10* K 
(~0.2 keV) , a reasonable value for the quiescent corona, 
sort 1-ray burst observations generally yield teaperatures 
an order ot magnitude higher ( cf . Svestka 1976), however, 
and the presence of significant amounts of lower-temperature 
gas within the sicrowave- producing regions of flares has not 
btrft. established. Analyses of soft X-ray line data also 
y*eiu density estimates which greatly ezeeed those derived 
from sicrowave and hard 1-ray coverage, by as much as 4 
orders ct magnitude (Svestka 1976; Doschek and Feldman 
1*79). Consequently, the role of free-free absorption in 
non-tnermal microwave spectra is far frem clear. This 
problem is reflected in the literature: for ezample. Holt 

and fcamaty (1969) state that free-free absorption is 
negligible, while Basaty and Petrosian (1972) suggest that 
this process aay be the dominant absorption mechanist, 
particularly for the small class of spectra which are "flat" 
amove the turnover frequency. 


hi 

G ycore scb ince abaorption l y tb« aablant t her sal electrons 
nitongl y influences the spectral shape at low frequencies. 
a» noted in the previous section, both the ordinary and 
extr aordi nac y aodes are absorbed at the funlasental and 
second Ursouic of the q yrof requency , while only the 
extraordinary aode is abserbed at the third haraonic. The 
absorption coefficient is dependent on the tesperature and 
density of tne theraal electrons, ac well an the aaqnetic 
neld in the reqion; for bursts with hiqh teaperaturen 
(* > 10* K) and densities (r > 10*° cn~ *) , absorption of 
extraordinary aode radiation at the fourth haraonic also nay 
occur (taaaty and Petrosian 1972). Because aost sicrowave 
observation* lo not distinguish between ordinary and 
ex ti aordi oar y- aode radiation, a single frequency is defined 
in order to evaluate the effects of gy roresenance absorption 
on the total-power spectrus. 7bia critical frequency, f g , 
is defined aw the highest frequency at which gy rorosonanco 
absorption can sodify the spectrus. Thus, 

fg - 3 - « f fi 

* 8.4 - 11.2 B 8HZ , (42) 

(ii iakuia 19/2; Iiaaaty and Petrosian 1972). A turnover 
rrequency of 5 GHz would iaply B~ 450-600 G in the source 
region, assuaing that theraal g yr oreconance is the doainant 
absorption aechanisa. 

G yrosy nchrotron self -absorption was introduced briefly in 
the previous section. Por the thernal case, the eaissivity 
and the absorption coefficient are related by Kirchoff's law 
tor the optically- t hick portion of the spectrus, so that the 
selt-abaorptron coefficient is known if the eaissivity is 
provideu. Ihe ncn-theraal case is considerably sore 
coaplicated, as aentioned at the beginning of this section, 
ihe assuaption of a power-law electron nuaber (or energy) 


it 

specttus enable* numerical solution of t he equations for the 
self-absorption and emissivity (Bolt and Basaty 1949; Basaty 
1 9o9) • U >dec this assumption, tb« coefficient for self- 
absorption is a function of: tbs sague tic- field strength, 

density, and arsa of the esittlng region; the spectral indei 
oi the electron apectrua and the anisotropy, if any, of the 
electron pitch-angle distribution let. Basaty 1969) ; the 
angle tstween tie sagnetic field and the line of sight; and 
tne frequency of otservatlon. Models which incorporate a 
nuo-uniiora sagnetic field within the ealtting region ( e. <i. . 
lakakura and Scalise 1970; Kovalev and Korolev 1976; flStzler 
1976; bCtiae et al. 1977) reguire, in addition, a dependence 
ou the sagnetic-f ield geosetry. For comparison with 
coapeting absorption aechanisss and with observations, we 
adopt staple source conditions (no anisotropy and unlforn 
sagnetic field) and detersinc the critical frequency, f BU , 
bolow wnicb tte spectrus is absorbed significantly by 
g/rosynchrotron self-absorption. Basaty and Petrosian 
(1972) conclude that, for non-thersal source paraseters 
typical of solar bursts, the value of f 8u derived by 
uueeiical analysis (Hasaty 1969) can be reasonably 
approximated by the following expression, originally 
toiaulated tor relativistic synchrotron sources (Slish 1963; 
lucker 197b) ; 

t Ha ■ 2.Bx10-» P«** °a MHz , (hi) 

vault i m is the saxinuM flux density of the source in sclar 
ilux units , and 0, the angular size of the sourco In 
radians (g 1 . also Guidice and Castelli 1975). Ihus, for 
source parameters B 200 G, I m ~ 100 sfu, and 6~10-a ( e. g. . 
B.rsh et 41. 1980), f ga * 2 GHz. 

Constraints can be placed on tie choice of absorption 
mechanist! active in individual bursts through inspection of 



tow spectral alopw at low frejuonci.es, for which r >>l l et. 
•uidicw and Castelli 197S). iach absorption process yields 
a characteristic slope, under ideal conditions, as listed In 
rable J-2{ the spectral slot*, •, is defined such that the 
tiux density is proportional to f , for the opt ically-thick 
revise. 


TABLE 3-2 

SimCIhal CHA1 ACTKIIITZCS Of ADSORPTION PFOCZSSZS 
Process a References 


tree- free 


cSfdJc^dlft- J 1 li ' 1 975 


thwrsal qyroresonance >3 Castelli et al. 1974 

gyroay nchrotron (self) >2.5 Eapaty and Petrosian 1972, 

£ Guldice and Castelli 19^5 


in principle, the observed slope of the opt ica lly-thick 
portion of tne spectrum, in conjunction with the critical 
frequencies defined above for each process, can be used to 
determine the dcsinant absorption aechanisa for a particular 
event. for most bursts, however, two or tore absorption 
processes are found to fit the observational requirements 
equally well. If the source size and density, as well as 
the etrenqth and geometry of the magnetic field within the 
source were inown by independent means, then the relevant 
absorption process cr processes could be identified with 
certainty. Since this irforx tion is unavailable for the 
majority of aicrowave bursts, empirical studies of the low- 
trwguency spectrum have beer concentrated on statistical 
surveys, searching for trends toward a particular value of 
tne observed slope. Schcechlin and flagun (1979) recently 
analyzed 10b aicrowave burst spectra, and found that the 
aost frequent value of the low- frequency spectral index is 
1.4. This slope is inconsistent with all nen-theraal 

thermal 







models, and nest characterizes an optica lly-thick. 
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source with teapurature and Magnetic-field inhoaogeneities 
in the source boundary. Schoechlin and flagun also find t 
ainor peak in tie distribution cf fpectral indices at 2. 5, 
in agreeaent with Guidice and CastelLi (1975). Ihis peak 
probably is due to a saall class of non-theraal events, and 
can be explained in teras of self-absorption of emission by 
a power-lav electron distribution. 

Anisctropy in the propagation of the electron bean 
further coaplicates the issue of absorption aechanisas, by 
producing directivity in the eaissivity which is 
indistinguishable froa absorption dependent on viewing 
angle; the self-absorption becones anisotropic as well. 
Non-uniform Magnetic field configurations also have been 
snovn tc affect spectral shape, by varying both the 
eaissivity and the absorption coefficients with position in 
the source region. Most models of this sort assume a 
magnetic field which decreases with height above the 
photosphere and with distance frcn the central source of the 
\ field. both half-dipole Takakura and Scalise 1970) 

and bipolar flHtzler 1976) geometries have been 

considered, as counterparts to the observed coronal loops 
vnich appear to track the xagnetic fields in the solar 
atmosphere. 

i he differential microwave flux in each node, dS ox (f),is 
given by tne following expression (Takakura and Scalise 
1970) ; 

‘i$o,x (£) * (1/5 * ) j o x €Xp( " T o,x ) lv ' (U4) 

where x is the eaissivity for the ordinary or 
extraordinary mode; F, the Earth-Sun distance (1 AO); T 0 x » 
tne acde-dependent optical depth, as defined previously; and 
dV , tne volume element. The eaissivity and optical depth 
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are runctxchw of frequency, while for non-unifora mag net ic- 
txeld geometries, dv also de^enda on frequency (ct . Kovalev 
and Korolev 1976) . 


For the ideal, homogeneous case, this equation siapiifios 
ic the liaxts of r <<i and t >>1, and can be integrated 
easily to find the total flux: 


6 


o.x 


(£) - 


| (V»») J 0 . x * 

\ <’/»•) Vx /r o.x J » 


r « 1 
r » 1 


f45) 


where V xs the source voluae. At very high frequencies, the 
spectrac shape Simjly reflects the eaissivity shape; a 
power-law electron spectrua thus yiells a power-law 
n'crowave flux spectrua in the optically-t hi n reglte. 
unfortunately, this ideal case cnly applies to a limited 
portion of tne spectrua, and cannot accoaoJate non-unifora 
luagnetic-tield configurations. 


Kundu aud Vlahos (1979) have interpreted the observed 

spectral and polarization characteristics of impulsive 

uxccowave bursts in terxs of an inhomogeneous source 

structure, assuming an asymaetric, bipolar magnetic loop, in 

whxch the microwave-emitting electrons are contained. Kundu 

and Vlahos adopt the analytical formalism for dV derived by 

Kovalev and Korolev (1976), plus the formulae for j and 

o.x 

r o x 9 A ven £° r non-thermar sources by Takakura and Scalise 
(197C) and Takakura (1972), for determination of the total 
microwave flux originating in a source of non-uniforn 
magnetic field. Substitution of these expressions into 
£.quaticn 4? and subsequent integration yield the following 
exprc'St.i.>n ret the total flux in either mode: 

k m 2 

* (1/h*) G (f/f ) / m-kei j (a, exp[ - t q x (a) ] da, 

**■>*>• m, °* x 

1 (4h) 


\x< f > 
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where o is a function of the source area and saxisua height, 
the ratio of the aaxiauB and Biniaua aagnetic-f ield 
strengths, and the arbitrary constant, k, which essentially 
describes the divergence of the field lines; f D , the 
gyrofreguency for the laxiaua aagnetic field within the 
source; a * t / £ r . ; and the lisits of integration, b. and 

Omsk A 

a , depend on f, f n , and f n (Kovalev and Korolev 1976; 
Kundu and Vlahos 1979, Appendix 1). The total flux, S (f ) , 
is S G (t )«S x (r), and the degree of polarization is (S X -S Q )/S. 
Kundu and Vlahos explain the polarization structure and tine 
evcluticn of the source in terns of the relative field 
strengths at the fcotpoint'. of the loop, and find 
gualitative agreeaent with observations. However, the 
gualitative nature of this work precludes critical 
evaluation or the aodel until quantitative predictions are 
provided. 


Unlike the thernal case, non-thernal gyrosynchrotron 
emission is polarized intrinsically in both the optically- 
thick and opticall y-thi n regions of the spectrum. In an 
opticaily-thick thermal source, the radiation intensity is 
the same in noth modes (by Kirchoff's Law), whereas in an 
opticaily-thick non-therxal source, the ordinary mode 
rauiaticn dominates (Raxaty 1969). In both cases, the 
extraordinary mode radiation prevails throughout the 
optica 1 ly-t>~ in portion of the spcctrua. Assuming a single 
non-thermai source, Holt and Raaaty (1969) attribute the 
reversal of polarization at soae frequency, observed in aost 
micro a ve bursts (Kundu 1965), to the transition froa the 
opticaily-thick tc the cptically-thin regime. The 
polarization reversal also could be due to selective 
absorption by tie thermal qy rorescnance process (see above), 
accordirg to Takakura ( 1967). Thus, this polarization 
phenomenon cannot be unambiguously interpreted as support 
for either Hypothesis. As always, the leterminat ion of 


As always. 
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polarization can be complicated further by the introduction 
oi multiple source regions « bipolar loot emitting 

trow either or both footpcints) , non-unifora aagnet ic-f ield 
geometry ( e. u . . an asyaaetric loop), and/or density 
iuhoaogeneit y within the source. 

3. 2. 3 X£ik-lUd-Qi*«K- "CfilbiB§il9D"_JJ2 JSl§ 

i he La sic features of non-theraal and puasi-ther ma 1 trap 
models were discussed in Section 3.1.4. In general, such 
models include a population cf energetic electrons contained 
within a magnetic loop, the footpoints of which are rooted 
in the photosphere. Host of the aicrowave emission observed 
during impulsive events ccaes from electrons with energies 
duove 100 keV (Holt and Famaty 1969), depending on the 
number cf electrons at these high energies ( i.e . . on the 
spectial index of the electron distribution). In contrast, 
tne associated hard X-ray emission originates primarily in 
electrons in the energy range froa 10 to 100 keV ( cf . 
Section 3.1). Therefore, the electrons producing 
simultaneous hard X-ray and microwave radiation could 
constitute a common distribution function, but would occupy 
contiguous energy ranges. 

The effects of this separation become particularly 
important in trap vodels, because the highest energy 
electrons are expected to precipitate out of the trap and 
down the legs of the loop (Melrcse and Drown 1976; see also 
Section 3.1. 4). According to the qua si-t her mal model 
proposed by drown, (lelrose, and Spicer ( 1979), the primary 
energy release at the top of the loop causes bulk 
energization of the local plasma; the resultant turbulence 
causes the formation of ion-acoustic conduction frorts, 
wmeh propagate slowly towards the footpoints. Electrons 
with energies greater that 3v^, where v^is the electron 
thermal velocity in the energy-release region, will escape 
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tncough the conduction fronts. If the electrons in the 
heated plasma assume a Maxwellian velocity distribution 
char acter ized by tcaperature T~3x10* K, then all electrons 
with kinetic energies above 200 keV Mill precipitate out of 
the energy-release region. These electrons will retain the 
steep slope characteristic of the original Maxwellian, 
unless subjected tc further acceleration within the 
pr ecipitatiou zones (cl, . Vlahos 1579, Chapter 4) . In a non- 
tnermal trap, as discussed in Section 3.1.4, the energy 
spectrux or the precipitating electrons reaains a power law, 
although coliisional processes will change the spectral 
index. The existence of a non-themal component in the 
source region can be deduced potentially by inspection of 
the observed microwave spectrum, frcn the presence of an 
optically-thin spectral index such flatter than would be 
expecteu iron the high-energy portion of a Maxwellian 
(assuming temperatures typical ot impulsive bursts). This 
diagnostic can be xisleading, hcwever, because the presence 
of a steep gradient in the xagnetic field within the source 
region can reduce the steepness of the associated microwave 
spectrum above the turnover frequency (£.£ x Kovalev and 
Korolev 1976 for exaxples). 

At present, the available data do not lend unambiguous 
support to either the non-thermal or thermal versions of 
trap models. Observations at frequencies above 20 UHz are 
rare, so that the slope of the optically-thin spectrum has 
not been measured for the majority of bursts. The poor 
coverage ot the millimeter-wave region has been improved at 
several observatories within the past few years; as yet, the 
paucity of impulsive flares in these pre-solar- xax imum years 
has prevented statistical studies of the properties of burst 
spectra in the optically-thin regime. It is to be hoped 
toat coverage during and after the Solar Maximum Tear will 
contribute enormously to cur understanding of the etission 












Chapter 4 

SfBClfiAL EVOLUTION OP BOLT IPLT-IIIPOLSI PE BOBSTS 

'1 he impulsive phase provides the aost direct evidence 
available lor the rclo ot energetic electrons in solar 
Uaies (Kane 1974). In erder to study these electrons, and 
thereby the physical processes responsible for their 
acceleration, observations which determine both temporal and 
spatial features of iapulsive emissions are required. Of 
particular significance is the location of the sources with 
respect to tne aagnetic-f ield tejelegy of the active region. 
iOv different dependences of the hard X-ray and aicrovave 
) emission on source properties such as electron density, 

magnetic- fluid strength, and teaperature or spectral index 
(see chapter 3) enable these source paraaeters to be 
determined and their evolution to be followed throughout an 
impulsive event. Each set of source properties can be 
utilized to locate the emitting region in the solar 
atmosphere, by scans of extant aodels of „ensity and 
magnetic-field strength as a function of height, above 
pbotosphenc active regions. The results of such an 
analysis provile information on the evolution of the spatial 
cnaL acter istics of the ispulsivc flare source and further 
ciues as to the basic mechanises of the flare process. In 
the current absence of direct, hard X-ray images of flares, 
this is one of the few aethods by which the relative 
positioning of impulsive hard X-ray burst sources can be 
esti sated . 

According to the research reported here, the multiply- 
iapulsive solar bursts do not ccaprise a homogeneous set of 
events. Bather, they fall into two categories according to 
their spectral characteristics: those events for which the 
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aeasured values of the sicrowave turnover frequency and 
electron tenperature yield the sane aagnetic-f ield strength 
for the source of each peak vithin a burst; and those events 
which demonstrate significant differences between the 
aagnetic-f ield strengths of the sources of different peaks 
within a burst, as deduced fron variations in turnover 
frequency and tenperature. These two classes of spectral 
behaviour are interpreted as evidence for two types of 
spatial structure in impulsive bursts: events whose 

component spikes apparently originate in one location, and 
events in which groups cf spikes appear to cone fron 
separate regions which flare sequentially. Although the 
concept of separate regions contributing to a complex flare 
has been discussed hy nany authors Hagen and Neidig 

1*71; Zirin and Tanaka 1973; A1 iesandra ki3 and Kundu 1975; 
Vorpahl 197t>), the present work is the first analysis 
snowing botn hard X-ray and nicrowave evidence for the 
existence of these discrete flaring sites within the regions 
producing nultipl y-inpulsi ve bursts. 

1 he analysis of the selected set of aulti pie-spike hursts 
is described in Section 4.1. In Section 4.2, the division 
oi these events into two classes according tc the evolution 
of spectral properties and aagnetic-f ield strength is 
discussed, and specific exaaples of each type are presented, 
ine conclusions drawn frca this research are presented in 
Section 4.3, and tie results are evaluated in the context of 
observations and current theoretical predictions. 

4. 1 £AIA_AIAU§1S 

k total of 66 aultiply-ispulsive sclar flares have been 
identified in the CSG-5 hard X-ray spectrometer data. The 
properties of the instrument are described in detail in 
CLapter 2. lhese events were chosen for their apparent 
impulsive nature, according to the following ncr phological 
ci iter la: 
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1) flam bub count rate greater than or egual to 280 
counts s~»; 

2) Successive peaks which are distinctly separable, 
with rapid rise to and fall fros an intensity at 
least 3<r afccvo noise; 

3) No apparent gradual coaponent isaediately before, 
during, or after the iapulsive event, above 1 SI of 
the aaxiaua flux. 

Microwave data were collected for as san y events as possible 
fron hagaaore Hill, Bern, and other ground-based 
observatories. 

interest in these events was sparked by the resemblance 
ot the coaponent spikes to the siaple iapulsive "spike 

bursts" discussed ty Crancell al. (1978) „ The tiae- 

intecsity profiles of the aultiple-spike bursts appear to 
consist of groups of overlapping spikes; thus, it seeaed 
worthwhile tc look aore deeply for evidence of fundaaental 
structures corresponding to the individual spikes within 
each event. For the siaple spike bursts, Crannell e t al . 
found that the aierewave and hard X-ray eaissions during 
each tiie interval are consistent with a conacn origin in 
tne sate localized population of energetic elections. 
Siailarly, ror the analysis of the aultiple bursts we have 
assuxed that, at each a ^isat. the hard X rays caanate froa 
the saae source as the nicrowaves. As is shown in the 
toilowing sections, however, this coaaon source aay or nay 
not be found at the saae location throughout an entire 
event. 

Twenty events were observed to have sufficiently intense 
hard X-iay eaissicn and coincident aicrowave coverage with 
sufficiently good tiae resolution to allow a detailed study 
of the spectral evolution throughout each event. The aa jor 
peaks of eacn burst were identified in the hard X-ray tiae- 
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intensity protiles. Least-aqua tee fits were performed for 
each spectrum, to both ainqle power-law and isothersal 
tons* For many ct the Multiple bursts, including those 
discussed in detail in Section h.3, the X-ray spectra of the 
■a)oi peak! are such better fitted by sing le-teapera ture 
thermal distributions. 

Microwave spectra were obtaincJ for the times 
corresponding to the X-ray peaks within each event. The 
Sagamore Hill and Bern records, the prisary sources of 
metovave data, provided flui seasuresents with 
uncertainties of at sost *10X. The tesporal resolution is 
apprcxitatel y ] a for the Sagasore Hill data and 0.1 s for 
the bern data. fiecords with poorer tine resolution were 
given lower weight. The turnover frequency f.j., the 
rreguency at which the spectrum changes froa being optically 
thick to optically thin (see Section 3 2.1), was deterained 
empirically by inspection of each aicrowave spectrum. Then 
the following procedure for finding the aabient aagnetic- 
tield strengths from the properties of the aicrowave spectra 
was applied. 

1 he aagnetic-f ield strength corre3ponding to each peak 
within au event was calculated according to the following 
toraula, taken froa the work on gyrosynchr otron radiation 
froa a thermal population of electrons by natzler (1978) 
(see also Suction 3.2.1): 

t T « f B (5.tUQ.406T) (2 .Si 1 0 - * • n e z/B) »/«>♦* > MH z , («7) 

where is toe local cyclotron frequency in MHz (Equation 
Jh); 1', the source electron temperature in keV, as derived 
from the hard X-ray spectrum; n 0 z, the coluan density in 
cm - *; U , the aabient magnetic-field strength in gauss; and 
V, the high-f reguency (very optically thin) slope of the 
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aicrcwave spectrun, such that I <* l~ y (or »>♦ 2 ; see Section 
J. 2. 1) . ihe aicrowave spectral slope, V»6, was detcralned by 
inspection of several aictowave jpectra. The value adopted 
tor the colusn density, n e *«4x10 ,r cs - *, is typical of the 
relevant region of the solar atsosphere (Nltzler 1 978). The 
accuracy of these estimates is quite adequate, because 
Equation 47 is only weakly dependent on both quantities. 

for the paraseter values given above, the sagnet ic-f ieli 
strength depends on the electron teaperature and tLe 
turnover frequency according to the following relationship: 

8 » 2.2I10-* [ f^ (5.8v0.406T) ]»•»♦ G . (48) 

4.t is crucial to note that, without the teaperature derived 
fro* the hard X-ray spectrun, it would be ispossible to 
detersine the sagnet ic- field strength for each peak. The 
aicrcwavu spectra alone are not sufficient to distinguish 
whether peak-to-peak changes in the observed turnover 
trequency indicate changes in the sagnotic field or siaply 
letlect changes in the teaperature of the source electrons. 

i he event of 1970 Hatch 26 provides a striking 
il luetrat i.on of the necessity for both hard X-ray and 
aicrcwave data. The spectrus, shown in Figure 4-1, exhibits 
a aarked shift to higher turnover frequency at 1728. 3 0T, 
tne peak of highest flux during the burst. However, the X- 
uy analysis thews that this peak also exhibits the highest 
teaperature, 73 keV, as coapared to the values derived for 
the other J peaks, 34-45 keV. As a result, the nagnetic- 
fiwid strength is ccaparable for all 4 peaks. Without the 
tesperatures provided by the hard X-ray spectra, the change 
in turnover trequency night be aistakenly interpreted as a 
shitt tc higner field strength. 
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*. 2 ilfiJIi li 

on the ba sis of observed spectral characteristics and the 
aagnetic fields derived therafroi, the twenty events studied 
tall into two categories: 

1) b events in which the eicrowave spectra retain the 
saae shape and turnover frequency ftoa peak to peak 
(for exaarlc, see figure 4-2), or which vary 
sisultaneocely in teaperature and turnover 
frejuuncy, isplying that the aagnetic field rcaains 
constant: atd 

2) 10 events in which the aicrowavo spectra change 
significantly ftoa peak to peak, particularly in the 
location of the turnover frequency, such that the 
sagneiic field changes with tine. 

tor the renaming 2 bursts, the degree of variation in such 
that taey cannot be assigned to either class with certainty. 

lable 4-1 lists, for the events in each category, the 
peak tiaes within each burst and the sagnetic-f ield 
strengths derived for these tiaes by aeans of Zquation ufl. 

1 he range or field strengths shewn for each peak results 
iron the tl-sigaa uncertainties in the best-fit tevperature. 
* he events with spectral shapes that reaain unchanged from 
peal to peas are discussed in Chapter 5, where possible 
causes rot their nultiplicit y are sujgosted and one 
candidate, the betatron mechanist, is critically analyzed. 

*n this chapter the second class of events, those with 
ooticus poak-to-peak changes, is described in detail. Two 
or the ten events have been chosen to illustrate the second 
category; 1*70 September 0, 1228- 1233 UT, and 1969 flay 29, 
1938-1944 05. These bursts contain the largest cuaber of 
clearly sep .able peaks, thus providing the largest nuaber 
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Figure 4-2. Microwave spectra at the times of peak intensity during the 

mul tl ply-inpul si ve event of 1970 December 12. Note the consistency 
of spectral shape and turnover frequency, 
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1 ABIE 4-1 

CLASSIFICATION OF BURSTS BY MAGNET IC-FIELD EVOLUTION 
Late P«ak Tiae (UT) B (gauss) 


1969 August 11 

1969 November 5 

1970 Hatch 1 

1970 Hatch 2 6 

1*70 July 23 
1970 Deceaber 12 

1970 Deceabet 1) 

1971 August i2 


1220.2 


UU:ls 

1601.2 

la88:§5 

1400.6 

1401.7 
1402.0 

HB:i* 

1728.3 

mu 

1643.5 

1835:3 

1632.5 

3311:5 


67.5 - 

33:1 : 

56.9 - 


tt:3 

76.8 

|Z:| 

78.5 



- 7( 

- 60.3 

- 63.3 

: 11:1 

- 75 1 

: 111:1 
: 11:9 

- 79.3 

: !§:8 

- 55.1 


11 : 9 : 83:8 


11:1 

68.9 

44.9 
3 1.7 
26.4 
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1969 Hatch 31 


1969 A ,j 1 1 1 26 


1969 Hay 29 


1181 : 3 5 31:1 : 65:8 

1159.6 27.8 - 44.3 

1 159.9 31.2 - 67.4 

9383:1 , 18:3 

2303.8 80.4 

2304.5 100.3 

23C6.15 62.6 

2306.75 50.1 

2*07.4 45.3 

1338:8 89:9 

1933-4 35.6 

1941.95 66.0 - 71.7 

1942.15 S5.2 - 62.9 

1 r 4 2 . 4 73. 1 - 85.2 

1942.5 64. 7 - 7 1.4 

1943.1 (140 

3Si3:3 5 !?: 


118 : 1 : 188:8 
91.7 - 146. 4 
102.9 - 222.7 

: m?7 
- 86.2 
- 110.0 

- 72.8 

- 54.6 

- 58.5 

: IU 

- 55.3 

160. 6 - 174.4 
144. 3 - 164.2 
207. 7 - 242.2 
183. 8 - 203.0 
220 )* 


- 4 


’3.V 


c-^ 


1 96 9 tiecenoer 20 



* Ni X-ray coverage at this tint* (see text). 



ot reliable hard X-ray and aicrowave spectra. The 
pa ru Meters cna factor i zi n j these two bursts are presented In 
Tabic 4-2, which lists fer each peak within the bursts the 
tut ot the X-ray peak; the hard X-ray flux froa 14 to 
2bw key; the tlux at the peak ot th. sicrowave spectrus; the 
turnover frequency f^; the best-fit temperature and ealssion 
Measure of the hard X-ray spectrua and the reduced chl- 
s^uared of the fit; and the corresponding magnet ic-f ield 
Vaiut, derived frea f.j. and T as described in Section 4.2. 
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lb** hard X-iay t i we- i n tersi t y profiles in the nine energy 
channel* between 1 4 an<l 254 keV for the September P event 
are shown in Figure 4-1. Iho •iaovavf records of this 
event at 5 and 15.4 GHz, obtained by Sagamore Hill, are 
*>noMn in Figure 4-4. The different phases of aicrovave 
up«ctr;l evo.*'tion, shown in Figures 4-5a, 4-5b, and 4-5c, 
aic denoted in Figures 4-3 and 4-4 by the sections labeled 
••a", "t", and "c», respectively. In phase "a" the turnover 
frequencies range ftca 9 to >11 GHz. The spectrna seen at 
1 2 29. t> 5 UT appears to increase acnotonically with frequency, 
up to the mghest observed frequency, 15.4 GHz. This 
spectrum also could consist of two coaponents, however, as 
would result lroa adding the spectra reseabling those of the 
preceding and following leaks (at 1229. 5 and 1229.95 UT) . 
Although the nigh- frequency lorticns of the spectra differ 
in slope, the turnover frequencies both lie between 4 and 
o Gnz in the next two phases. The inferred aagnetic- field 
strengths range froa I) > 120 G in phase "a” to about 75 G in 
the later phases, as detailed in Table 4-2. 

iho event of 1969 Hay 29 exhibits spectral changes which 
uifier qualitatively frca those of the September 8 event, 
but which lead to similar conclusions. The hard X-ray and 
the aicrowave tine studies of this burst, shown in Figures 
4-6 and 4-7, are divided into phases "a", "b w , and "c H 
corresponding to the sicrowave spectra shown in Figures 
4-ba, 4-8b, and 4-ec. During phase "a", the turnover 

iieguencies are apptoxiuatel y 4.5 GHz. In the next phase, 
however, a M double-huapcd H structure appears in each of the 
microwave spectra, for which two turnover frequencies can be 
found: 5-5. o and 12-13 GHz- The existence of two turnover 
frequencies tor each peak in this phase is equally 
consistent with source parameters of two magnetic fields or 
two temperatures or both. Because a two-temperature 
aisttibution can be neither ruled out nor verified on the 
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Microwave spectra at the tines of peak Intensity during the 1970 
September 8 event. The spectra are divided Into phases "a*, "b" 
and "c" according to spectral morphology. 
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Figure 4-6. Hard X-ray time-intensity profiles for the nul tipi y- impulsive 
event of 1969 May 29. Porting labeled *a“, "b", and "c" 
correspond to the phases of microwave spectral evolution show 
in Figures 4-8a, 4-8b, and 4-8c. 
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basis ot tse available hard X-ray fDOCtru, th# peaks in 
phase "l" are assuawd to be character . «J by the bent-fit 
k+iLilSi teepereture Hated in Table 4-2, The corresp jnding 
a«gnetic-tield values are, on the average, 50 G in phase 
"a", and 65 and 200 G in phase "b". 

finally, in phase "C* , the slcrowav* spectrus resuaes a 
single c-type shape (Guidice and Castaili 1975) with a 
turnover at approx isatelv 12 GHx. So X-ray coverage exists 
roc this phase, which includes a single aicroeave peak at 
194J.1 bl. It tne source of this peak wore at a teaperature 
ib the range J4-60 keV, as is typical of phases "a" and "b", 
then the turnover frequency of -12 GHx wo’ild yield a 
aagnetic-tield strength ir. the range 140-220 G. This is 
consiLtent with the higher of the fields appearing in phase 
“u". 

As shown in ths previous section, soie eultiply-ispulsive 
bursts can exhibit widely different sagnotic-f ield strengths 
at difLerent tises in their duration. The question which 
tnen arises is, do these different sagnetic fields appear in 
the ease burst location, or are they features of separate 
flaring regions? 

According to the {S ola r- yeoi>t| vsicdl Da ta Proapt and 
comprehensive Reports (1964-1472), each ispulsive burst 
correlates in tine with only one H-alpha flare in a cpecific 
active region. This fact, in conjunction with the short 
trse scales between the consecutive phases of nagnet ic- f ield 
evolution, laplies that if separate sources exist within cne 
buist, they must be located within the sane active region. 

Observational evidence on flare-associated aagnetic-f ield 
changes is aauiguoue at best, and often contradictory (Fust 
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19 7t>a,b). Although intensive observations of tho 

pftotosphe tic field have teen made over tho past 20 years 
a.'. 'i. . hcv ,id and Babcock I960: Howard and Severny 1962; 

Severny 1969; lichard 1971; Harvey and Harvey 1976), alaoat 
no itfotaation ka been obtained on tho teaportl evolutic;. 
and spatial structure of tha fialua in t Ha chroaoaphara and 
corona, wharo aoat of tha hard X-ray and alcrcwave hursts 
occur. the available information, aoat of it indirect, 
laada to tha conclusion that tha magnetic flail in a single 
location doaa not change during flares by factors of 2-3, as 
vouln b* required to fit tha present observations. Tha 
existence ol hoaologoua flares, which are nearly identical 
events occurring withic hours ct each other, strongly 
suggest* that vie sagnatic features of a flaring region are 
not destroyed, even during large events (do feiter 197«; 
bvestka 197o; Zlrin 1978). The persistence of aagnatic 
structures above active regions is la plied also by the 
presence or "elementary burst structures** both in hard X-ray 
and in arciowave events (van Beek, de Feiter, and dc Jager 
1974 ; da Jager and de Jonge 1978; Uiehl 1979). Magnetic 
reconnection processes, which are thought tc (tovido the 
energy tor tne imjulaivu phase, convert at most 51 of tho 
ambient magnetic-field erergy into heating and particle 
acceleration (Baua and Bratenahl 1576; Schr.ack and Killeon 
1977, guoted by Spicer 1S78) . If the reconnection process 
results from a driven instability (£1* Spicer 1978), the 
magnetic energy will be replenished at the same rate as it 
is released, for the duration of the flare. Thus the 
amtient field strength should resain constant, on the 
average, and not change drastically between the emission of 
one group ct spikes and the next. 

Ihe sain conclusion is, therefore, that the different 
magnetic-field strengths fcjlong to separate regions in the 
flare area. The idea that cosplex, impulsive structures in 
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mm originate In different areas has bmtn proposed by 
s#ny author* (1 A U*» leigaan ^ 1969; Hagen and Neldlg 

1971; Anderson and Mahoney 197b; Vorpshl 1976; firin 1976). 
iiat suggestion haa teen tu;;orttd prlaarlly by evidence of 
an indirect natu.e. Zlrln and lanaka (1973) observed good 
teapcial correlations betveun hard X-ray spikes and H-al|ha 
brightening* during the 1972 August 2 (late. Hobta e t al. 
(197j) «nd iiraaandr akia and Kundu (1975) observed ispulslve 
sicrovaw bursts vith the NiiO interf eroaeter at 1.7 and 
1 11.1 c». iney iound evidence f o. discrete ssall-scale 

teaturea vitmn the bursts, vith sizes of a few arcsec. 

) Using the VLA Inter fero ac ter at 4.9 GHz, Harsh, Zirin, and 

Hurtotd (1979) observed aicrovave events vith lapulslvc 
coapcnents clearly located in regions a fuv arcsec apart, 
but vxth no hard X-ray coverage. Sisultaneoua 
inter terosutiic-aiciova ve and hard X-ray observations of a 
single repulsive event, occurring on 1979 February 1% have 
been interpreted in terns of a sigrating double-source nodel 
(hosugi 1 9tiU) . All of those otservations are consistent 
vith the ezistence Oi stall-scale spatial features within 
ispulsive tidies. C ir cut st anti a 1 support for the ezistence 
ot difterent source regions in the burst of 1970 Soptesber 8 
is provided by an analysis of periodic hard X-ray eaission 
in large bursts seen vith 050-5 (Lipa 1979). Of the 28 
bursts studied, crly 2 eihibit no signs of periodic 
behaviour in their t tee- intensity profiles: the 1970 

September 8 event, and a non-iapulsi ve event. This lack of 

periodicity puzzled the author of this earlier vork, because 
the intensity structures of these events are not appreciably 
difterent tics those of tho pulsating events. In the 
context of the present research, hovever, the aperiodlcity 
oi the heptesber 8 event appears to be a natural consequence 
or the multiple soirees present in the flaring region. 
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The a Ik. * u ce between the sources within the bursts 
presented here cannot be determined accurately fros the 
available data. Certain asauaptions can be made, however, 
which enable onu to estiaate this separation. 

If the sources were causally related, then the tine 
between successive manifestations of different tagnetic- 
lield strengths would egual the tine required for sene 
triggering disturbance to propagate between the two regions. 
Ibis relationship provides a distance estiaate only if there 
exists such a sequential connection between the coaponent 
sources. undsc the assuaption that the disturbance travels 
at or near tne Alfvtn speed V A , the distance 1) between the 
individual sources can be expressed *s follows: 

D - At - 2.2x10* E n e -».» At km , (49) 

where n c is the local electron density in cn~*; B, the local 
■ agnetic- field strength ir gauss; and At is chosen to be the 
tine between the last hard X-ray peak in one phase and the 
nrst peak in the following phaLe, in seconds. For the 
relevant values of n and B, the Alfven speed is feund to be 
~Jt>0C ka s~ l for the September 8 burst and ~2700 ka s~» for 
tne Hay 29 ourst. The temporal separation for the September 
ti event is At ar 12 s, yielding a source separation of about 
4.2x10* kb. Ihe corresponding values for the nay 29 event 
are At - 30 s and D * 8.1x10* ka, respectively. 

Another technique for deriving the source separation 
requires a quantitative acdcl for the functional dependence 
or the local aagnetic-f ield strength on height in the solar 
atmosphere. The itain obstacle to iapleaenting this method 
is that realistic models of the magnetic- field topology 
within tlanng regions arc not available. For simplicity, 
the potential dipole model of Takakura and Scalise (1970) 
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has lean used to illustrate this technique. The true 
distance is underestimated because no horizontal separation 
cau be taken into account. Taking the photoapheric field 
strength d. -2U00 G, after Caatelli ft >l f (1S74), the sodel 
yields the following eipcesaion: 

h • ( 1.2*10* */B) *• »» - J.b*10* ka . (SO) 

U« vortical distance batween the sources, therefore, is: 

Ah • <1.2*10» »/B 1 l wn “ (1.2*10* VB.,) ks . (Si) 

to r the September B event, the vertical separation derived 
in this sanuer is Ah *J. 7*10* ks, which is cosparable to the 
first eatisate. For tie Say 29 event, the vertical distance 
is Ah »J. tUIO* ka, only half the first eatisate; this would 
be consistent with the existence of a significant hotixonta) 
svpatatiou between the regions. Again, it aust he stressed 
tnat, while the actual values of the distancas derived abov«. 
are only vstinates, the difference in sagnet ic- f ie Id 
strengths still sticngly aujgeste a difference in location. 
Ihe distances estisated by scars of the klfv*n-specd 
assumption fall well within the areas reported for the H- 
alpha flares associated with these hard X-ray bursts (£q1&Ll 

po oi’hvnical Prompt and Conprehensive Reports, 

igng-1972) . 

In conclusion, the present analysis of hard X-ray and 
sicrcwavc bursts has identified a class of lultiply- 
ispulsive soiar events which consist of basic impulsive 
spikes, groups of which originate in localized flaring 
ri gicns. further investigation of the fine structure within 
legions producing ccsple* flares will benefit greatly froa 
the use of observational eguipaent with good temporal and 
spatial resolution. Coincident observations with hard X-ray 




imaging instrument* and inter feraseters operating In the 
• iciovavu range are needed particularly to resolve the taste 
impulsive element* in the** tursta, thereby increasing our 
understanding of the underlying physical processes. 


Chapter S 

1 Hi hULI or bITATBCI ACCILIBATIOM XI CO H I’LL X SOLA! BOISTS 

A* rs aho w n in Chapter 4, the sultiple-splko bursts 
coaptiaw two distinct classes: events whose cotponent spikec 
apparently orrjlnatc in one location, inu events in which 
groups ot spikes appear tc i« (ros separate regions which 
riaie sequential! y. Thu . * r case is discussed in detail 
rn chapter w, using two *;-.itic bursts to illustrate the 
characteristics of the group. The first, part of the present 
chapter is devoted tc the fotaer class of events, focussing 
ou the seated tor the cause of Multiplicity in esirslons 
tios a single soutce region. In the second part of this 
chapter, tn* applicability of a specific aodol, initially 
chosen as a possible explanation tor the properties of the 
sultxpl y- xspulsi ve esxsslons, is evaluated in the context of 
the lore coapiex, extended flax* esissions. tor tho sost 
part, sodels which attespt to account for the intensity 
variations scon in all hut the siaplest bursts are 
qualitative, and do not provide quantitative aothods of 
evaluating their hypotheses. Several reports of 
periodicities or guasl-pcriodicitien in flare-associated 
hard 1-ray and sictcrave etissiens have appeared in the 
literature Maxwell and Fltxwilliaa 197); Hoyng, 

brown, and van Beek 197b; lipa 1978), but the theories 
proposed to explain these phenoauna have been speculative 
rathei than analytical (£*da., McLean v % al . 197 1; Wild and 
bserd 197^). 

lhe siaplost explanaticn ct intensity variations within a 
hard 1-ray burst is that each spike represents a new 
electron-acceleration event (see Chapter 3). Multiple 
a ecu lerations could result either fros energizing of a 
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separate population of electrons to produce each spike, or 
t & os repeated rcaccelcraticn of the sane electron 
population. The foraer case is sore coapatible with pure 
thick-target or thin-target aodels (^X*. Sections 3.1.2 and 
J. 1.J, respectively), because in both aodels the electronic 
are "lost" (by collisions or by escape) and are iot 

available for reacceleration. The latter 

case - reacceleration - necessitates a trap situation, in 
ehich tbe initially-introduced distribution of energetic 
electrons loses its aenbers sufficiently slowly that 
repeated reacceleration can persist throughout the burst 
duration. lhe reacceleration hypothesis is attractive 

because it does not reguire large nuabers of electrons to 

aciount ror all the intensity peaks. However, the erergy 
reguireaents are the saao for beth successive accelerations 
or iresh electrons and rcacccler at ic n of a single electron 
population. 

ah a trap aodel involving reacceleration, the analysis 
relies on lever unknown quantities than in models involving 
discrete "injections" of accelerated electrons: once the 

eiectrou spuctrua and nuafcer density are set at the 
beginning, they can be determined at any other tiae during 
tee burst. Furtheraorc, because the single source location 
(Ixit, the upper loop) aust be consistent with the 
properties or' a trap (sue Section 3.1.4), the physical 
conditions in the source can be assuacd to reaain constant 
or to evolve in a well-defined manner. The syaaetry inherent 
iu aost trap aodels also allows the propagation of periodic 
or guasi-penod ic disturbances within the loop. In 
contrast, the aodels which assuae separate accelerations of 
separate electron distributions to account for each 
ir.tecsity peak require as many discrete sources as there are 
intensity aanaa; these aodels also lack inherent syaaetries 
to account tor periodic behaviour. 
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The licit serious attaapt to incorporate the featured 
aentioned above in a quantitative trap aodel, and to apply 
it to an otserved hard X-ray burst, was aade by Brown and 
Hoyng (197b). Intrigued by the nearly periodic spacing of 
intursity Sanaa in the coaploi flare of 1972 August 4, 
brown acd Hoyng proposed that a guaai-per iodic disturbance, 
causing repeated acceleration of trapped, X-ray-eait ting 
electrons, sight explain the ebaerved behaviour, 
oscillations in the aagnetic field of the trap appeared to 
be the aost likely aechanlsa for inducing continual 
reacceleration of the trapped electrons, according to Brown 
( 1 97 J) . brown and heynq specifically chose aagnetc-acoustic 
waves, whicn travel along the field lines at approxia ately 
the Altv*n speed (£Xi Section 4.J, Equation 50). Ihe 
interaction of the oscillating field with the energetic 
elections rebults in beta tron Eflti , gn of the particles, 

so naatd because this process is responsible for 
accelerating particles in betatron aachines. The tera 
"betatron aodel” will be used henceforth for the aodel 
developed by brown and Hoyng, and for the adaptation applied 
in the present research. 

In order to clarify the logical sequence of the aaterial 
coapcising this chapter, a brief preview of the results is 
presented here. Ihe purely iapulsivo events were found to 
snow no signs of betatron acceleration, according to the 
criteria described in Section 5.2.2. As a result, the 
betatroL aodel cannot explain the existence of periodic or 
non- periodic aultiply-peaked structure in coaplex impulsive 
bursts. The serendipitous inclusion, in this iritial study, 
vt two events which aanifest eaissiens of both iapulsive and 
non-iaptlsive characteristics, also designated "two-stage" 
bursts (see introduction and Section 5.4), led to a more 
exciting discovery: during the initial few ainutes of the 

second stage, the non-iapuls ive X-ray eaission appears to be 
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consistent with tho predictions ot the betatron-acceleration 
• ode 1. lo evaluate this preliminary result aore riqorously, 
■evetal intense two-stage events, also selected troa the 
ooL-5 data, sore subjected to tfe appropriate analysis and 
comparison with the test criteria, as was done (or the 
su It ip 1 y-ispulsi v« events. The results of this study flraly 
estaflish tne identification of the betatron process as a 
viable sechaniss (ot producing the early second-stage 
eaissioc, aud verify the absence of betatron action in the 
impulsive stage. Faradc lica 1 1 y , while attempting to 

evaluate the betatron-acceleraticn sechaniss as a possible 
origin lor the suit ip licit y of ispulsive eaissiens, we have 
identified, instead, a sechaniss which is conspicuously 
ausunt in the impulsive stage. furthermore, this sechaniss 
appears to be a characteristic of the second-stage 
emissions, and the unique signs cf its presence say serve as 
an improved aethod of identifying nen-is pulsive X radiation. 

The fetation model is described in Section 5.1, after 
oiown and rioyng (1975) and Hoyng (1975). The analysis 
tuennigue and criteria for testing the aodel are discussed 
in section t>.2. Section 5.3 and 5.4 comprise the results of 
tne application of the betatron aodel to the suit i pie-spike 
bursts and tne two-stage fcursts, respectively. In Soction 
5.5, the interpretation of these results is presented. The 
conclusions on the tele of fetation acceleration in solar 
flares are susaarized in Section 5.6. 

Tne general features of the betatron aodel, as they 
atfect the burst evclution, are depicted in Figure 5-1. The 
basic characteristics of a simple aagnetic trap, as 
described in Section 3.1.4, apply. For this aodel of 
electron acceleration, the aagnetic field is assumed to be 
spatially unitors but temporally varying. Magnetic loops on 




1. INJECTION OF IMPULSIVELY-ACCELERATED ELECTRONS 

INTO A TRAP (LOOP) 



2. OSCILLATIONS IN MAGNETIC FIELD PROVIDE BETATRON ACCELERATION 

OF TRAPPED ELECTRONS 



3 FINAL STAGE DECAY OF EVENT. REFLECTING LEAKAGE OF 
ELECTRONS FROM TRAP. EXPANSION OF TRAP. ETC. 



Figure 5-1 . A pictorial representation of the betatron model, showing the physical 
evolution of the X-ray source region. 
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the Sub actually exhibit bipolar fluid topologies, with tho 
Held lines converging at the footpclnts. Tho assumption of 
constant magnetic field In tho trapping rogion la aatlafled 
only in tho upper part of a loop, where tho expansion of the 
Held la most negligible. for thia aaauaption to apply, 
tuerefoie, the eaitting electrons avat be confined to the 
top of a loop. Under these simplified conditions, one- 
diaensicnal gecietty io adoguate. 


1 ho particles are accelerated by the electric field 
associated with the changes in the longitudinal aagnetic 
Held (that is, t iac-dependent oscillations of the aaqnetic 
Held). Throughout tho betatron phase (see figure 5-1), the 
entire trapping region essentially expands and contracts, as 
would result froa the passage of a aagneto-acoust ic 
disturbance through the loop. It is reasonable to aesuae 
that the scale length of the aagneto-aco ust ic waves 
travelling across the aagnetic field of the trap is such 
greater than the gyration (Laraor) radii of the energetic 
electrons, and that the treguency of field oscillation is 
such lees than the g yrof reguency. Hence tho changes in 

electron energy associated with their transverse soticn is 
determined by the adiabatic invariance of their aagnetic 
aoaents (v*.d*.» Krall and Trivelplece 1973, Appendix 1.7). 
Thus , 


"i^iO * E/B C 


(52) 


wheie « 0 and 


U are the electron energies due to motion 


transverse to the aagnetic field when B 0 and B, 
respectively, are the aagnet ic- field strengths. The 
quantities • Q and B Q represent the initial values of the 
transverse energy and field strength, immediately before the 
onset of betatron acceleration. Throughout this chapter, 
the subscript "o" denotes initial values of the relevant 
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parameters. The effect of the (laid variations on the total 
energy, ta, la given by tha expression 

a ■ w | « m, 

* '“'ViO * "“0 

• “o ' 1 ♦ bl Wo> » < !J > 

where • „ is tha elaction energy parallel to the aagnatlc 
i i eld, and 


b - <B/B 0 ) - 1 . (56) 


5 . 2 BlZi^i1-fiZ_UUiaiL.Ufi_X«I_&UaL.fl9CU 

lu show t.«e ettects c ( the betatron mechanise an 
aanrlosted in the hard X-ray eaisbion, the behaviour of the 
electron upectcua resulting frca thin process auat be 
established tirst. Then, by adopting an appropriate 
uaisstcr. aodel, the specific behaviour induced by betatron 
action cn tne elections can be identified in the coincident 
behaviour ot the X-ray epectrua. The predicted X-ray 
characteristics arc expressed in terns of paraaetets which 
can be coayareJ directly to X-ray observations of selected 
events. Ihe X-ray data are Interpreted Ly means of the snap 
emission aodel as is adopted for the betat ron-aodel 
calculations, to ensure consistency betMeen the format of 
tne acdel predictions and that of the observed spectral 
properties. Ihe division of this section into two parts was 
dictated by the need to introduce these basic paraaeters, 
which are coition to fcoth the observational and theoretical 
analyses, before entering the detailed lerivations of the 
measurable ettects predicted by the betatron no lei. Hence, 
section 5.2.1 is devoted to a description of the analysis 
technique applied tc the X-ray data for each burst, while 
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auction $.2. 2 cci|>tii«t * r in- leptl derivation of the X-ray 
cnatac twristics predicted by the betatron to.1i* 1 , and tha 
act nod toe testing theao predictions for consistency with 
toe 1-ray mission (sea craples bursts. 

5« 2. 1 £lU.Altillil 

To investigate the taaporal evolution of the X-ray 
eaission foi a large set of eventa, it la necessary to adopt 
a eodei for the emission process which allowa both 
consistency with tha tanata of the betatron aodei and 
calculational tr actabtl it y. The actual choice la not 
ciucial, ao long as the aaae process is retained throughout. 
In a trap, soae ccaplei coablnatinn of thick-target and 
thin-target «. missions aost likely applies; however, within 
the confines of this analysis, the alaplest case which is 
analytically tractable will suffice. In choosing between 
thick-tar get and thln-targct representations, it was noted 
that the thick-target case provides the sisplest scans of 
relating the electron epectrua tc the photon fpectrua: the 

instantaneou f csissicn is independent of the density in the 
trap ti .t » . . the target region), and does not rely on the 
teapots 1 evolution of the electron energy distribution (see 
Sections 3,1.2 and 3.1.3). In a sense, the selection of the 
tmek-target case provides a self-consistent scans of 
characterizing the electron and photon spoctra, at each 
aoaent, without necessarily representing the actual physical 
situation in the source region. 

The thick-target paraseter Ft^), introduced in Section 
3.1.2, is used in the present analysis to characterize the 
observed X-ray spectra in terns of the eaitting electrons, 
inis paraaeter is defined as follows (£i*. Sguation 21): 

M*,) « 2.0 « 10 * * X (Y-1)* B (Y- 1/2, 1/2) Hj-* 


# 


(5S) 


10H 


where »(* , ) i« the nusber flux of accslsrated electron* 
injected into the target region, with energies greater than 
fc,» in units of electrons s-»; , the hard X-ray spectral 

indei; A , turn normalization constant of the power-law I-ray 
spectrua, at defined by Z(X);AI- > (aee Section 3.1.2): and 

b fy- 1/2, 1/2) , the Beta function, defined in Equation 19. 
me loe-enecgy cut-ott, , is taken to be 29 keV, slightly 
be low the lowest energy of the hard X-ray observations used 
ueru to deteraine the spectrua. Substituting ^"25 key into 
Aquation 55 yields 

t{ 2b) • 2.0i10*« A (V- 1) * B (Y-1/2, 1/2) (25) - y . (96) 


lot the hard X-ray bursts studied, P(25) and V were 
Calculated for each 0. 2-aeccnd interval by aeanu of the 
cowputer progrsn listed ir Appendix A. Although a loast- 
^uatuk ntting routine (as was u ed in the analysis 
uesctibtu in chapter 4) would provide the nost accurate 
detuiainations of the spectral index, V , and the 
noraalizat ion constant. A, this procedure is far too tiae- 
consuaing to be practical for analysis of thousands of 
apectLa. a less precise but adequate technique eas 
ispiesented, wherein is the weighted sean of the npvctral 
indices uetersined ter each pair of energy channels showing 
significant rlux above the noise level; a pair consists of 
channel 2 and ere cf the higher-energy channels (see Chapter 
2, lahie 2-1). lo avoid systenatic errors induced by the 
poxnt-t c-pcint variation in the tighest-energy channel 
containing significant flux, the spectral index was 
calculated uiinj data ttos Channels 2, 3, and 4 only. The 
constant a was Jetersined froa the flux in Channel 2, 1(2), 

the tear energy of that channel, t (2) , and tho previously- 
calculated v.luu of V, according to the following 
expression: 
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A • 1(2) (1(2) ]" y 

finally, f (25) was calculated using tha relevant values of 
and A and sg uatton *>t>. A plot showing the evolution of 
1(25) versus Y then was generated tor each event, and 
searched tor indications of the pattern characteristic of 
betatron acceleration (see nest subsection). 

5. 2. 2 ££fi£a4Jl£l .1&£ iAltfift Jlfill 1 

In order to relate the eipresalons derived in Section 5.1 
to the changes produced in the flui and spectrua of the 
energetic electrons, tie original relationship between the 
transverse and total energies Bust be known, as well as the 
i*u y tlui and spectrua at that instant. The foracr 
teguiruaent corresponds tc deducing the Initial pitch-anglo 
distribution of the electrons when they whero "injectad" 
l; i y, . the prinary acceleration) into tl.e trap, a 
characteristic intrinsic to the physics of this Initial 
acceleration process. In the absence of definitive evidence 
levering a particular aodel for the brief initial process, 
brown and hoyng (19T5) adopt acceleration by a large-scale 
eracttic field as a plausible choice. Under these 

conditicas, w does not change with the action of this 
pnaary electric field on the electrons, and is treated as a 
constant tor the entire population of high-energy electrons. 

'i he original betatron aodel thus is predicated on 
injecting electrons with a particular anisotropic pitch- 
angle distribution into a trap. Although direct electrlc- 
rield acceleration is the aost coason exaaple of this type 
or aechanisa, it need not be the only possibility. Cther 
possible acceleration sechanisss, including those which 
yield isotropic pitch-angle distributions, are considered in 
bection 5.5, with etphasis on the applicability of the 
betatron sodei under these alternative initial conditions. 


no 



lho «t»su« | tlon of a directed electric field, or any 
process vhicn results in the sass anisotropic pi tch- nng 1** 
distribution, as tba icitial acceleratinj sschaniss is a 
pivotal aspect of the scdel. Because elect ric-fle Id 
acceleration results in ssaller pitch angles for the higher- 
energy electrons (Hoyng 1S7S), their electron energy is due 
pr edcsinately to aotion parallel to the aagnetic field 
(i.e. . h „ >>h A ). The betatr cn-accelerat ion process, 
however, acts only on the transverse olectron energy ( cl. 

nation t>2) . Conseguently , the change in energy is the 
sane for all elections, but the fractional change in total 
energy, h, la less for the higher-energy electrons. Km the 
aagnetic field increases, the sore nuaerous lever-energy 
electrons are accelerated proportionately sore than those at 
higher energies, so that the power-lav electrcn apectrus 
steepens while the Instantaneous electron rate required to 
account for the X-ray flu* increases. The opposite 
correlation obtains when the field decreases: the lower- 

energy electrons are decelerated aost, resulting in spectral 
hardening and decreasing electrcn flu*. Thus, a plot 
snowing the behaviour of the instantaneous electron rate 
versus tpectra 1 index, resulting fros the betatror- 
accelerotion process, would exhibit a curve of correlation 
traced froa low values of the electron rate and spectral 
index to hign values of teth paraseters. The spectral 
behaviour ascribed to the oscillating strength of the 
aagnetic field, as described above, corresponds tc periodic 
"motion" up and down the predicted correlation path. 

it ai&o is necessary to relate the hard X-ray photon 
spectrum to the parent eloctron spectrua. Because this 
analysis is focussed on evaluating variations in the 
observed tlux and epectruw, rather than absolute values, the 
choice of a particular tora for the electron distribution is 
not of critical iaportancc. Fcr simplicity, the wort 
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pi esentcd here adopts the power*- law electron number spectrum 
ut»vu by brown and Hoyng: 

W " < 4 o* 1) <VV <VV" fi ° ' (S8) 

in units of electrons per unit energy. n () is the tctal 
initial nuaoer of electrons with energies greater than the 
low-energy cut-off, W. (sec Section 3.1.2), such that 

•O 1 

h Q ■ / t q ( Wq ) J Wq , and 6 0 , the initial electron spectral 
indexi If continuity is assuscd, the cosbination of 
equations bi and 58 produces an expression for the spectru* 
of the trapped electrons at any tiae during the betatron- 
acceleration phase: 

f(h,b) - l 0 (V < d V dH) 

* ( d 0 _1 > <VV t < w “b« A0 J/lfj )-^0 , (59) 

It is assumed that ccllisicnal leases are negligible, over 
the lifetime of the betatron-acceleration phase. 

i he total nuaber cf electrons above energy , N (b) , and 
tneir effective spectral index, 6, at any tiae, are obtained 
from Eguation 59 as follows: 

OO 

N <b) * w / f (H,b) dW 

- mJ)C i- (bh x o/«i) 3- d o^‘ • (60) 

because the spcctrua given by Equation 59 is not quite a 
power law , an effective pcwer-lav index, 6(b) , is defined to 
characterize the actual electron spectrum. Following Hoyng 
(1975), 6(b) is defined as the logarithmic point slope at 

the lowest energy of observation, Ej. Thus, 

6(b) * 6 q /[ l-tbtl^/Ij) ] 


(61) 
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l'he apectrua dafinad by Iquatloas 59 and 6 1 describes t ho 
election distribution in tho tray and its apsctral index, at 
tacit sosent during tho batatcon phass. Bscauss this 
distribution is assusod to be only weakly aftectel by 
collislcus v it h the background plaasa in tho loop, tho X-ray 
usission can bo derived directly fros this electron 
specttua, without tho sodif ications required by tho thick- 
target soJel (see Section 3.1.2). According to Frown 
(1971), the electron apectral indei. A, and the resultant 
hard k-iay spectral index, Y, are related by the following 
expression: 


A - V -1/2 . (62) 

iho xubtanta ueous electron rate, P(hj), and tho total nunber 
oi electrons above the cutotf energy , N (b) , obey tho 
tullewing pr o| or t iona li t y : 

MWj) <x (Y-J/2) n N ( b) , (61) 

wnero a is the asbient particle density in the trap (see 
also section J. 1.2, Equation 22). It is convenient to 
express the relationship between F(Vj) and N (t>) in torso of 
the ratios ot betatron-phase parameters to the Initial 
values; that is, 

• C 0-3/2)/ |Y 0 - 1/2)1 (n/'n 0 )[M(b)/H 0 ] , (64) 

wuerc tne subscript "o" denotes initial values, as before. 
*he assuaptron of one-disensional geoaotry isplien that 
h/n 0 -b/l 0 - 1»b. 

in older to derive F/y () as a function of > /Y alone, 
latbei than of b, an uxpressicn relating b and > is 
requited. equations t» 1 and 62 yield the quantity b as a 


in 

tunction ot Y, the lcweat energy of observation, E ( , and the 
initial transverse electron energy, W |() , an felloes: 

b ■ P'-> 0 )2 l /(>-1/2) h 10 . (65) 


tu.net, i. juauon 64 can be reex f ressed, with the ail of 
L^uationb 60 and 65, as felloes: 


» (-j) 




(V- i/2) 


(V 0 -3/2) 



(>-r 0 ) e 1 


(>-V2l 


|-v 0 ♦ w 
. ( 66 ) 


fur consistency eith the work of Brown and Hoyng and elth 
tne thick-target parameter, F(Wj), defined by Equation *>6, 
the loe-energy cut-off, Uj, wax set at 25 keV. In the 
contest ot tne 0S0-5 observations, this is a reasonable 
choice because it ii| lies only a sinor extrapolation trice 
the cneigy range of the hard X-ray spectrometer. Ihe lowest 
channel used in tfce 0S0-5 data analysis is Channel 2, 
scanning the energy range 26 to 55 keV lable 2-1); 

nonce, x.j-26 keV. The initial transverse enorqy, 
resains a free parameter which can be varied to ottain the 
best possible fit tc the data (see Section 5.4). with the 
abovtmuntioned values for kj and tj substituted into 
nguation bb, thu (F,Y) relationship used for comparison of 
tne betatron model eith the CSO-5 hard X-ray observations is 


* (25) 

«• — — — — X 
*0< i5 > 
where W i() 


O-J/2) 

(> 0 -3/2) 


<>‘V 28 I j <y-y 

1* I |l (1.12) 

0 - 1 / 2 ) W i0 J y 0 - 1 / 2 ) 


is in units of keV. 


y *»fr 

0 


(67) 


lor each event studied, the results of the (F,Y) analysis 
ot the hard X-ray data (Section 5.2.1) and the (F,Y) 
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correlation predict ed by tb« hutatron Model (Equation 67) 
aie useu Jointly to tent for the presence of a phase of 
betatron acceler at Ion, In tha following wanner. First, wo 
note that t lot relationship eipressed by Equation 67 

i 

describes a curve in tho (F,V) plane, froa low valuos of 
1 (25) ana V to high values of both paraaeters (see, e. q. . 
Figures b-J and 5-6). Tho (F,») plot char actor lain? tho 
buist observations then is eaaainel for visible evidence of 
such a curvo, as a prellainary indication of tho possible 
piesence ot betatron acceleratior during loin portion of the 
event. lhoae bursts which show no signs of the IF,?) 
correlation curve defined by Equation 67 thus are identified 
as non-betatron events, and are not candidates for further 
analysis. 

ihosc bursts for which the (F,V) plots oihibit the unique 
pattern indicative of betatron acceleration are denoted 
betatron events, and are investigated further to establish 
the relevant properties of the betatron stage. For aach 
butst which eihibits a betatron (tau , the parameters F 0 ( 2*>) 
and >' 0 aie dutorained observat icna lly , froa the hard 1-ray 
tlui and spectrua at the acaent when the betatron action 

) apparently starts (see Section 5.2.1). In the actual (F,V) 

piots, vhc ntatren-induced pattern appears as a general 
trend of aoving, froa point to point, up and down the 
particular curve; according to the Model, this behavicur 
reflects tho i iso and fall of tho aagnot Ic-f leld strength 
during tho trap osc il laticns. is a result, the beginning 
|ui cud) ot tho betatron phase usually is distinguishable as 

L the pout whore the observed (5,V) path changes to (cr fret) 

the best-fit predicted curve. lo determine the (F,Y) 
correlation curve which best tits the observed betatron 
"redture" in the (F,>) plot, the relevant values of F (> (25) 
aud T 0 are substituted into Iguation 67, and various values 
ot the transverse electron energy, W () , are tried. In this 




Banner, the start tlae and duration of the betatron action 
ib these events, as well as the initial value of the 
electron energy perpendicular to the aagnetic field, are 
mentif led. 

&• J Ai£ll£AIl£JLIfl_ZliZ_flBlZiLil::fillllZ_BflI§ ZS 

A bet or id iu ltipl y-iapulsive hard X-ray bursts were 
selected froa the CSO-5 data, for testing the betatron 
aodel. Ihuse events wore chosen froa tho larger set of 
auitipl jr lapulsi ve bursts, initially selected according to 
the criteria outlined in Section 4.1, by requiring 
sutricient a-ray flu* to allcw deteraination of the thick- 
target taraaeters 1(25) and Y throughout aost, if not all, 
or the event. Table 5-1 lists the bursts and the tiae 
periods over which they were tested for the presence of 
betatron accelerat icn . lhe test periods denote tho tiae 
span tor which the flu* in 2 or aore channels was above the 
noise level, although ainor "breaks'* due to low flux above 
channel 2 are included occasionally. 

An exanple of the (F,Y) plot obtained for a aultiple- 
spike burst, the went of 1970 March 26, is shewn in Figure 
5-2. The saooth, curved path predicted by the betatron 
aodel (tee Section 5.2.2) is absent in this plot. Of the 20 
events ttudiud, only 2 evinced definite signs of betatron 
acceleration in their (F,Y) plots: 1969 April 26 and 1969 

hay 6. The (F,Y) plot for the April 26 event is shown in 
Figure 5-3 , with the best-fit curve predicted by the 

betatron aodel (Equation 67) superposed or. the relevant 
portion ot the graph (Figure 5-3, Part 2). Sue to the large 
range ot F (25) , about 3 orders of nagnitude, the (F,Y) plot 
for this event is presented ir. two parts, roughly 
corresponding to the two stages of the burst. The 
dirterence between Figures 5-2 and 5-3 is obvious: even 

without considering the betatron aodel, the iaaediate 
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1 ABLE 5-1 

NOLI xPLt-SP IKE EUFSTS 1ZS1E3 PCE BETATRON ACCELERATION 
Late Timespan oC Test Period 


1969 

February 13 




20: 12:44 

- 

20:13:35 


Hatch 21 




19: 43: 36 

- 

19:4 4:29 


Hatch 22 




06: 44:04 

- 

06:45:40 


April 2b 




23:02:58 

- 

23:09:00 


Hay b 




02: 38:46 

- 

02:44:42 


Hay 29 

19: 

3b: 

17 - 

19: 39:00 

a 

i 

19:4 1:47 


J u ne b 




16: C6: 01 

- 

16:07:28 

1970 

Natch 1 




05:01:26 

- 

05:03:51 


Natch 1 




13:59: 10 

- 

14:02: 1 1 


Natch 1 




20: 03:59 

- 

20:06:03 


Hatch 17 




05: 27:06 

- 

05:27:50 


Hatch 2b 




17:27:11 

- 

17:27:55 


Nay 2b 




1 1: 22: 15 

- 

11:23:57 


June 2d 




20: 00:29 

- 

20:05:29 


July 2 J 




18: 42:05 

- 

18:46: 31 


August Id 




22:07:08 

- 

22:08:03 


September 8 

12: 

28: 

59 - 

12: 30:04 

• 

12:30:39 

1971 

Nay J 




14: 12:05 

- 

14:15:13 


August 21 




09: 34:01 

- 

09:35: 14 


August 22 




07: 50:09 

- 

07:52:00 


- 19:43:01 


- 12:31:59 


implication xs that the April 26 event manifests a physical 
phenomenon, evident in Part 2 of Figure 5-3, which is 
coapletely absent in the Parch 26 event. The (F,V) plot for 
the nay b burst qualitatively resembles Figure 5-3, hut is 
characterized by a different value of the free paraaeter 
* 1Q , the initial transverse electron energy, for the test- 
tit betatron-action path. 


MARCH 26 



Figure 5-2. The (F,f) plot for the multi ply-impulsive event of 1970 March 26 
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119 



T he lie it question ls # of course, what differentiates 
thus* 2 event* troa the other aultiple-spike bursts? free 
inspection or Table 5- 1, one distingui thing feature is 
apparent: tue tiaeapans over which the 2 bursts were tested 

tor betatron action toth exceed 5 ainutes, whereas the 
aajottty of the remaining events (12 of 1?) were tested for 
periods less than 2 ainutes. However, this is not unique to 
tne two events which evince betatron phases: sii other 

aultiply-iapulsive bursts had test durations cf over 2 
ainutes, yet did not show signs of betatron acceleration, 
consequently , the longer duration of the betatron events nay 
be a "necessary but not sufficient" condition for the 
presence of the betatron process. 

<n additional characteristic aust be found which 
differentiates between the betatron and non-betatron events, 
io identify the underlying cause, the nature of betatron 
acceleration was considered, with particular emphasis on 
oLservafle nan i testat io ns of the related physical processes. 
The aost promising line of investigation proved to be the 
iden tit icaticn of other f lare- associate i eaissions which are 
evidence tor the presence of the magnetic-field oscillations 
fundamental to the betatron process. Such oscillations 
could result troa phctospheric activity, such as twisting of 
the tootpoiuts of the aagnetic trap, or froa the passage of 
an energetic disturbance, such as a shock wave, through the 
trap. The lack of H-alpha coverage with good spatial and 
teaporal resolution during the last solar aaiiaua prevented 
further evaluation of the foraer hypothesis. The latter 
hypothesis, however, provides a clue to another feature 
distinguishing the tetatren events. 

The tlare-associatcd phenomenon most coaaonly interpreted 
as evidence tor shock waves is the radio type II burst, 
generally observed at frequencies below 600 HHz (Kundu 
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19e5). Meter-wave data »«c« available foe IS of the 20 
events studied; copies of the dynaeic spectra were 
graciously supplied by Drs. Maxwell (Port Davis) , Stewart 
(culgoora) , and Urtarz (Weisse nau) . Tho radio records were 
searched for evidence of type II eslsslon, resulting in the 
identification cf type II bursts accoapanying 7 of the 15 X- 
ray events. Of these 7 events, 1 burst included the start 
ot the type II esission within the test period: tho April 26 
event. The 10-580 MHz dynaaic spectrus, obtained by the 
Port La vis (Harvard) Radio Station, is shown In Figure 5-h, 
together wita the ♦ ise-intensity profile of the hard X-ray 
burst. 1 he type 11 burst began at approxisatel y 2305.5 UT, 
with tundasental eaission at 120 NHz, while the stage of 
betatron acceleration apparently started at 2305.7 Ul. 
indirect evidence for the existence of a periodic 
perturbation during the April 26 event is provided by the 
louner analysis of the hard X-ray esission (Lipa 1978), in 
wuich several significant periods ranging frea 72 to 71 s 
were identified. 1 1so seen in conjunction with the April 26 
event were a succession of chrc soc pheric br ighten ings , to 
the cast ot tne aain flare, and oscillations of a nearby 
tilasent, suspended ~10* As atove the flaring regicn 
(Harvey, Martin, and Riddle 1S7 9) . These authors affirs 
that one shock wave was rccpcnsitle for both the radio and 
tue optical phenosena, lending additional support to the 
proposed association of a shock wave with the two-stage 
event under consideration. Unfortunately, no soter-wave 
coverage was available for the ether botatron event, 196<* 
(la y 6. 


I 
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Figure 5-4. Hard X-ray time-intensity profiles for the 1969 April 26 event 
together with the 10-580 MHz dynamic spectrum. 
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S. 4 AimUllflJLlfl. XU £_ 1 VUzS IiSl_ fifi J51 2 

ihe association of a betatron phase in the hard X-ray 
emission of an apparent ly ii[u lsivw event with a leter-wave 
type 11 burst complicates the interpretation cf coupler 
feuiut events, because type II esission traditionally is 
classified as a second-stage phenosenon (££* frost and 
uennis 1971). The concept of the two-stage curst has 
standard obser vetional connotations, and is used, as such, 
tmouqncut tne present work. For, clarity, a precise 
definition oi the two-staqe phenosenon is presented here. 

The distinct tesporal characteristics and 
interrelationships cf the flare-related hard X-ray, 
niccowdve, and seter-wavc eslsaions were identified soon 
aitei the advent of coordinated observations in all three 
wavelenqth ranges (see, , Wild, Sserd, and Weiss 196]). 

cased on tnu observed duration and tine structure, the flare 
waissions each were assiqued to one of two cateqories: 
impulsive eaissions, includinq rapid and "spiky" hard X-ray 
and siciowave events, seter-wavc type III bursts, and the 
"explosive" or "flash" phase seen in H-al ( 'ha flares; and 
giadual eaissions, includinq slowly-evolvinq hard X-ray and 
aicrcvave events, type II and type IV aeter-wave bursts, and 
soft A-iay events. A correlation between the overall 
aaqnitude or a flare and its conponent eaissions also vas 
noted: saaii events tend to be characterized only by 

impulsive eaissions, while larqe flares often include both 
ispulsive and gradual eaissions. Tie fact that, for these 
large events, the ispulsive emissions invariably were 
observed bctcre the gradual eaissions led to the division of 
tnese events into ispulsive and gradual or st aoe s. 

Hence, the tecs "twe-staqe" denotes a burst comprised of 
botn impulsive and gradual (second-stage) csissions. In 
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current usage, « tvo-staqe hard X-ray event consists of the 
initial, ispulsi ve-phaso radiation, generally accoopan ied by 
other ispulsive uaissicna (Sa.Ja» type III bursts and 
repulsive aicrovave events) , followed by second-stage 
radiation, generally associated vlth type II and type IV 
eaisaioc. 

Ibe sultiply-ispulsi ve bursts, introduced in Chapter 4, 
vure selected solely on the basis of the appearance of the 
bald X-tay tise-intensit y profiles (fix Section 4.1), 
Mitbout consulting the coincident coverage at other 
wavelengths. As noted in the previous section, however, the 
presence of tyi** 11 esisslon appears to bo critically 
associated with both second-stage esission and the presence 
or ietatron acceleration, so a closer look at the 
aor phologicaily-chosen eulti p le- > pike bursts is required. 
According to the criteria outlined above, the event of 14t>9 
April it is a two-stagu event: the initial phase of X-ray 

eaissior is associated with type III bursts, while the 
second stage of X-ray activity is closely associated with a 
type II buLSt (see Figure S-4) . Unfortunately, the lack of 
aeter-wave coverage for the Pay 6 burst prohibits a siailar 
procedure tor observational verification as a two-stage 
event. it is evident that the acrphology of the tiae- 
mteisity profiles for hard X-ray events is not a reliable 
indicator or thu ispulsive or non-ispu Is ive character cf the 
eaissions ; the April 26 and Hay 6 events "look" as ispulsive 
as the ether hard X-ray turets denoted au It ipl y-i apul si ve, 
and do not reseable the "classic" two-stage bursts (for 
eiaaple. Figure 1-1). 

Ibe relationship between the two stages of flare-related 
eaissions and the underlying physical processes is poorly- 
understood, at present. The terns "iapulsi ve-stage 
acceleration" and "eecond-stage acceleration" have been 
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auopted, per naps too eagerly, to denote t ho particle- 
energising processes In which tha iapu lalve- phase and aacond 
stage eaissions, respectl vely, originate. The implication 
ot a one-to-one correspondence between acceleration 
mechanise* aad temporal 1 y-assoclated eel salon a aa y not b«> a 
viable point of visa, considering tha complexity of tha two- 
stage phenomena. Aa suggested by tha above discussion of 
the April 2o event, "spiky" ealaaicn structures are not 
necessarily characteristic of the canonical iapulslve-phaae 
acceleration procasaas alroe (saa Figure 5-*). On tha other 
hand, flares ehich produce type 1Z bursts do not 
nwcvsusai. ily produce significant aaounts of asaociatad X-ray 
emission, attributable to second-stage acceleration. 


ihe letation process is applied here to reacceleration of 
the l-i*y-«altting electrons, of energies below a few 
hundred keV. It is crucial to note, therefore, that the 
betatron-ace* lerat ion mechanism considered here is not being 
tested as a candidate tor the elusive "second-stage 
acceleration" process, which is the hypothetical physical 
necnanisa responsible for very energetic electrons and ions 
observed in inter planetar y space, in associaticn with large 
solar tidies. The possibility that a connection exists 
oetween the Betatron process and the aechanisas responsible 
tui accelerating electrons and ions to energies in excess of 
1 dev and 1 sicV, respectively, is not ruled cut by the 
present study, and is an intriguing subject for future work. 




lo teittr eatablish the connection between betatron 
acceleration and second-stage esissicn, a nusber of large 
two-stage bursts were selected trow the 0S0-5 hard X-ray 
data and subjected to the sane analysis as the aultiply- 
ispulsive events as described in Section 5.2). The 

burst selection was aided by K. Frost (JSFC), who had 
xuentitied aany of these two-stage events previously in the 
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course tZ his own ret rch (£x^x# frost 1969; Frost and 
uennis 1971). The events chosen, and the tiae ,oric<ls over 
wuich t ley were tested for betatron acceleration, are listed 
lb lable 5-2. 


IABL2 5-2 

TWC-STAdl DUhSTS TESTED FOB BETATRON ACCELERATION 
xvent Date Test Tiaespan (UT) 



1 

196 9 

February 24 

2 1; 12:20 - 23:19:56 


2 


February 27 

13:56:55- 13: 57:58; 13:59: 30 - 14:14:58 

> 

3 


March 1 

21:40:40 - 21:49: 26 


4 


March 21 

0 1: 49:42 - 01:59: 06 


5 


March 3C 

02:47:08 - 03: CO: 00 


6 


April 26 

23:02:58 - 23:-9: 00 


7 


May 6 

02:38:48 - 02:44:42 


a 


hovenber 24 

09; 14:08 - 09: 27: 52 


9 


Noveaber 27 

19:30:19 - 19:39:12 


10 

1970 

duly 20 

1 1: 2 1: 22 - 11:32: 18 

\ 

11 


August 12* 

20:18:26 - 20:28:56 


12 


Noveaber 5 

03: 17:10 - 03:35: 00 


13 


o?eceabcr 11 

10:27: 35 - 10:31:02 


14 

1971 

January 24* 

23: 19: 15 - 23:36: 00 


I 


because the 1969 April 26 and Nay 6 bursts have been 
reclassified as two-stage events (see previous section), 
they are included in the tables and in the discussion of 
tnis section fer coapleteness. The events denoted by an 
asterisk were observed only for part of the entire flare, 
aue to tne satellite entering or leaving the Earth's shadow 
while the flares were in progress. 
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1ABIE 5-1 

Cf b II AT Bt N ANALYSIS AND EEL AT ID CHA9AC7IBIS11CS 


event 

4 i?f« Hl«ff 


beat - fit 
- litt 

Pe r iodic 7 

1 

2311.5 

23:13:09 

KM 

— 

2 

lw04. ) 

14:04: 23 

75 

No 

i 

2 142.0 

21:42: 29 

100 

Tee 

4 

0 150.0 

— 

- — 

Tes 

s 

0250.5 

02:50:29 

100 

Yes 

h 

2 305.5 

23:05:56 

50 

Yes 

7 

(no coverage) 

02:4 1: c 4 

100 

— 

8 

(uo coverage) 

09:1(1: 34 

100 

a» w «• 

4 

1432.0 

19:31: 19 

75 

Yes 

10 

none? (see teit) 11:23:54 

75 

Yes 

1 1 

2015.0 

— 

— 

Yes 

12 

0324. 0 

03:24:46 

100 

Yes 

13 

1030.0 

— 

— 

Yes 

14 

2315.6 

— 


Yes 


labia 5-3 summarizes the results of the test of the 
iiftutior. model for thf> two-stage events. The event numbers 
«u used toe convenience, and refer to Table 5-2. Foe each 
event, lafcae 5-1 lists, where applicable: the start tine of 

tne associated typo 11 emission; tho approximate start time 
ana best-tit value of W () for the betatron phase; and the 
piescnce ot periodicities found ty Lipa (1*17(1) in the hard 
i-iay eiissicn. lhose events fer which there is a dashed 
line in the "Periodic?" column were not analyzed by lipa 
(i97b). All but one of the 14 hard X-ray events, that of 
1470 July 20, were accompanied by type 1Z bursts. 't is 

interesting to note that type III drift pairs were reported 

tor thit ev»mt (So lar- Jgpnh vs 1^1 £4i4 Prompt heports, 

1470), a teature which closely resembles weak type-II 
emission with "herringbone" structure (s£ x Kundu 1465). Due 
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to tn« scatter of the ( K # y } points throughout the betatron 
phase, th« best-fit start tines and values of are 

empirical estivates cnly, and should not be taken an precise 
parameters (see Section 5.5) . 

1 o illustrate tie properties of the two-stage bursts 
which certain a stage of betatron acceleration, the (f ,y ) 
plot lot hvout 9, 1969 Moves bo r 27, is shown in Figure 5-5. 
A schematic representation of the general (F,V) path 
outlined dunug thir burst is included in the upper-left 
comet ot figure 5-5, for ease in interpreting the sore 
complex aaiu graph. Thu time-intensity profile for this 
event, susaed over the nine energy channels froa 14 to 25tt 
keV, la shown in Figure 5-6. lie iapulsive stage, froa 
19:30:19 to 19:31:19, is distinguished eaoily, in Figure 
5-b, by the lack of thu (F,V) correlation path indicative of 
eetatrou action, and by the overall trend, with tlae, of a 
significant decrease ir the value of y acccapanying a 
saaller change in F (25) .The character of the plot changes at 
appron au tel y 1931.3 UT, coincident with a ainor peak in the 
i-ray intensity (see Figure 5-6). The three agin peaks all 
tall within a narrow raege of F(25) and V, followed by the 
development of a saooth path leading froa low to high values 
ot both 1(25) and > . The period identified as a phase cf 

nutation action, characterized by the variation of F(2') and 
y up and down this path, begins at approxiaa tely 
19:31: IS Ul, and ends at 19: 34:56, a duration cf 3.6 
minutes. Also narked in Figure 5-6 are two (F,V) paths 
predicted according to the betatron aodcl (Equation 67) , for 
which the tree parameter W l() eguals 50 and 100 koV, 
respectively. Thereafter, the event decay is reflected by 
the overall tendency towards lower F (25) and higher V, with 
the flux reaching the noise level at 19:39:12 07. with 
minor variations, this pattern tor the overall evolution of 
the (F , >) path is exhibited by the ether nino betatron 







no 

event* as veil. Event 9 is somewhat ‘typical, however, in 
that the Letatron stage apparently began before the 
associated type II burst (see Table 5-3). This discrepancy 
say reflect the uncertainties in the betatron start tine, 
which is estreated by inspection of the intensity structure 
and ot the (F,V) plot, and the uncertainties in the etart 
tree reported for the type II burst, which is often obscured 
by other aeter-wave lengt h emissions and is a function of the 
highest frequency cf observation. As is discussed in the 
hollowing section, however, this gap say be real, but does 
uot necessarily conflict with the requirements of the 
betatcor model. 


Four of the 14 bursts show no signs of betatron 
acceleration during thair evolution. Two of these non- 
uetatron events, 1570 August 12 and 1971 January 24 (Events 
11 and 14) apparently began during satellite night, so that 
the beginning stages of the hard X-ray emission were not 
observed. Ihe time-intensity profiles for both bursts 
mdic&te that only the decay phases were observed; thus, the 
presence of a betatron stage at earlier times, when X-ray 
coverage was not available, cannot be ruled out. For the 
197u December 11 event, a definitive teat for the presence 
of Letatron acceleration cannot be performed, due to 
instrumental effects. The time-intensity profile for this 
event is shown in Figure 5-7, demonstrating the rather 
unique properties of the hard X-ray emission: an extremely 

rapid initial spike, with the largest peak flux of any 0S0-5 
hard X-ray burst, is followed by a general decay stage of 
much lower intensity, containing several quasi- per iodic 
peaks. ihe associated type II burst begat 
into the decay phase. Between 1031.0 and 
occurred in the hard X-ray coverage, so tl 
betatron action during this time cannot be ascertained, 
discussed in baction 5.3, a test-period duration of >2 
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7. Hard X-ray time-intensity profiles for the unusual two-stage event 
of 1970 December 11. 
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ninutes nay be required foe t h«« effects of betatron 
acceleration to bcccao apparent, in the analysis technique 
used heie (.section 5.2). If the start tiae of the type II 
eaission aiqat te assused to indicate roughly the inception 
ot the betatron acceleration phase, then a definitive test 
cannot be Bade for the Ceceaber 11 event, because X-ray data 
vute obtained only tor 1 ainute after the beginning of the 
type 11 burst. 

The renaming non-betatron event, 1969 larch 21 (Ivent 
4) , does not present an ancaalcus tiae-intensity profile, 
nor doue it suffer froa data gaps, so the apparent lack of a 
betatron stage cannot be attributed to instruaental causes. 
Upon detailed investigation of the X-ray spectral evolution, 
a unique cnaiacter istic emerges: although the flux in 

Channel 2 (aud, incidentally, the flux in Channel 1) 
exhibit!, a gradual stage of eaission Mhich reaches taiiaua 
intensity at appronaatel y 0157 UT, this feature is 
practically non-existent in the upper channels. thus, the 
spectiai evolution of tfce hard X-ray event changes 
elastically at ~0154 UT, acre so than in any other two-stage 
bursts analysed bcic. The coincident aeter-vave data 
provide furtner clues as to the origin of this unusual 
behaviour , and hence, a reasonable explanation for the 
absence of betatron acceleration in the hard X-ray source, 
using the bO-NHz c ad io he 1 iogra p b , iSg-.iHz interf eroaeter, 
and 10- <00 atiz dynaaic spectral observations obtained at 
culgccta Observatory, Stewart and Sheridan (1970) analyzed 
tne complex type II and type IV eaission associated with the 
ft arch 21 event. Their work indicates that the type II 
eaission, wnich began at C150 01, and a aoving type IV 
burst, beginning at 0154 UT, both were excited by a ccaaon 
shock wave ejected frea the flare region. Of particular 
interest in relation to the present work is the advent of 
tne aoving type IV eaission, which is teaporally coincident 
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Kith the suit of the "peculiar" hard X-ray phase. It 
appears that this gradual X-ray esission emanates (roa the 
moving type-.V source, and not free electrons which are 
energized by typical second-stage acceleration processes, 
'ihus, betatron acceleration, which acts on electrons in a 
stable magnetic ttaj, would not be expected to apply in the 
unusual circumstances ot the March 2 1 event. Movin') typo IV 
bursts also are associated with Events 1 and 3 (1169 
kebruarj 24 and March 1) but, in both cases, the radio event 
began long alter the end cf tho hard X-ray esission (Biddle 
1970 { schsahl 1973). 

b.S £i££U££2Q| 

1 he ketatron model has been shown to be generally 
consistent with observations of several two-stage bursts, 
and particularly identified as a second-stage phenomenon. 
In this section, the quantitative properties lerived for 
tnese events, according to the sodel, are critically 
evaluated. ihe present discussion is concentrated on three 
aspects of toe betatron test results: the significance of 

tne presence or absence cf periodicities in the betatron- 
pnase X-ray esission; the duration of the betatron stage; 
and the comparison between the onset of type II enlssicn and 
the btait of betatren action within the associated X-ray 
source. Ihese results also ace considered in comparison to 
the "original" betatron event, tfce great flare cf 1972 
august 4, using the results reported by Drown a cd Hcyng 
(1975), Hoyug (1975), and Hoyng, Erown, and van Beek (1576). 
at the end of this secticn, the initial ccnliticns and 
primary acceleration mechanism assumed by the original 
betatrer sodel are discussed, and alternative hypotheses are 
critically evaluated. Brief attention also is devoted to 
the post- betatron phase cf the events under consideration, 
and to the interpretation of the changes in ( F,y ) behaviour 
which characterize this final phase. 
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Ac acted in Section 5. 3, the eiistenc* of periodicities 
in the buret ecissicn provides further support for tho 
betatron hypothesis. Plultiple periods were identified for 
tnosc events studied by Lips (1578), generally within the 
range 15 to 90 s (see Table 5-4 for relevant events), 
wn lortunatel y, Lipa's atalysis was not well-suited for 
evaluating the detailed dynaaical evolution of the periodic 
behaviour; tho 14-254 kuV fluses were analyzed in 
consecutive 190-s segments, with no systeaatic attespt to 
partition the bursts according to physics lly-seaninqf ul 
criteria (o. i . , into iapulsive and non-imj'Ulsi ve phases), 
loe results cl these Fourier analyses were reported only for 
15 of the 2d events studied (Lipa 1979); thus, periods are 
available foi only 5 of the betatron events, although lipa 
reported the presence of pulsations in all but cne of the 10 
betatron flares. 

lor rvents 3, 6, 9, anJ 12, the betatron-acceleration 
stage is included in a single 190-s test segsent, thereby 
allowing ae term mat ion of the pulsation frequencies 
specifically when the betatren sschanism was operating. The 
reporteu periods range fron 12 to 77 s, and usually differ 
iii value and/or phase free the periodicities found during 
the lion-beta ti on phase of the sane event. Event 10, 
however, exhibited periodic behavicur before, but not 
during, the betatron phase. This event (1970 July 20) is 
ancaaious in another respect: no type II eaissior 

accompanied the X-ray evert. Type IV radio omission, a 
large inter plane ta r y-preten event, and a micrcwavu post- 
burst increase all were associated with Jvent 10, indicating 
tnat rt is, otherwise, a classic two-stage burst. Event 2, 
1969 February 27, is classified as a non-periodic event by 
lipa ( 1 97 d ) , but was acccapanicd by a type II burst. 
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analysis of a larger aet of events, with coincident aeter- 
»«»*■ coverage, ia necessary tor further lnveatigat ion of the 
leguiresectw a ad liiitutiona of the botatr on-acceleration 
aecuaniaa. 


hcyng, brown, and van Beek (1976) perforaed a dynaalc 
touut'i analysis cf the X-ray eaiaslon during the August 4 
««uut. Ihey found significant periods in the 41-51 koV flux 
or apprexiaately 30, 60, and 120 a during the early stages 
of the 1-ray event, with the lowest frepuency (-120 e) 
persisting lot about 5 ainutes. Fourier analyais of the 
spectral evolution also tevealed siailar periodicities in 
toe spectrai index, V . Assuaing that the largect period 
equals the tiae reguired tor the initiating disturbance to 
Uavtrt.c the trap (see Section 5.3), Hoyng ( 1975) deduced a 
sc die length of -5x10* ka for the August 4 event. In 
coaparison, the largest period found for a two-stage 
uetatron event, 77 e, yields a scale length of ~3x10* ka, 
assuaing tne stae Altvtn speed; the other betatren events 
exhitit saaller periods, and thus saaller dimensions- The 
\ twe-atage events are shorter and less intense than the 

august a ouist, so it is plausible that the region in which 
the 1-iay-eBi.ttirg electrons are trapped light he saaller 
lor the two-stage events as veil. 


Ideally, the periods evident in the hard X-ray tiae- 
intenaity profiles should be apparent in the (F,V) plots as 
veil. The scatter inherent in the derived paraaeters, 
hovever, allows gress estimates, at best, of any periodic 



variation of 1(25) and V during the betatron phase. Because 
the aagnetic-1 ield oscillations aay change in aaplitude from 
cycle tc cycle, as vas feund for the August 4 event (Brown 
and Hoyng 1975), the aaxisua •’excursion" of the (F,Y) points 
associated with each oscillation alsc my vary; as a result, 
the existence of periodic behaviour is obscured further in 


tfie octual (F,V) plots. Although the (F,V) (lot* theaselves 
coooot be used to establish the existence of periodicities 
lb the l-ray paraneters, sose indication of periodic 
behaviour can he obtained free (lots of the evolution of the 
individual quantities, 1(25) and >, as a function of tiae. 
lor the repreuentati vw events for which such plots were 
Bade, visual inspection yields appioiiaate periodicities, in 
both F(<5) and V, which are consistent with those derived by 
Llpa (1578) iron the X-ray intensity alone. 

It Bust be noted, howover, that the presence of 
periodicities in the X-ray eBission does not uu ar an tee the 
presence of betatron action. Events a, 11, 1], and 14 do 
not appear to include betatron phases, yet all were found to 
exhibit periodic behaviour in their X-ray eaission (Lipa 
157b). hurtbeiaore, six cf the aultip 1 y-i apulsi ve bursts 
.Listed in table 5-1 were found to be periodic (Lipa 197B), 
but do not include betatron stages. It is clear that the 
relationship tetween X-ray pulsations and the betatron 
aechanisB is acre ccaple* than initially supposed, and 
cannot Le understood thoroughly within the confines of the 
staple Letatrcn ncdtl as originally proposed by Grown and 
Hoyng. in is problem awaits both theoretical and 
observational efforts tc incorporate more realistic physical 
conditions and effects into the betatron aodel, and to 
develop more rigorous criteria for its applicability tc 
relevant solar phenomena. 


5. 5. 2 lesporsl Eelatlonshlps of the Seco nd-stage Bslssions 

hor the Id two-stage events found to Include a betatron 
stage, '.able 5-4 lists the duration of the betatron- 
acceleration phase, and the difference between the onset of 
type II eaission and the start of the betatron phase, both 
in minutes. A negative value for this difference indicates 
that the betatron action began before the appearance of type 



1 he distribution of betatron-phase durations supports the 
contention, originally suggested in Section 5.2, that the X- 
r<*y event sust last at least 2 sinutes to be identifiable by 
tne present aeans of analysis. Ihe shortest betatron stage 
lasted lor 1.7 sinutes (Event 1), perhaps isplying that an 
event ot snorter duration sight not be capable of sustaining 
any tetatron action. The longest betatron-stage duration, 
5.4 sin(Event 10), provides a seasure of thu lifetise of thp 
trapped electrons, because the lowest-energy particles sust 
retain in tne trap as long as the betatron phase is observed 
to lsst. Ihe assumption cf a ccllisiona lly-dosina ted 


lifetise for the trapped electrons gives an upper lisit on 
tne trap density (£X* Hoyng 197*) ; for a 30-teV electron, 
tne betatron-phase duration cf 320 e yields a trap density 




OI n i( i^«10* c»“*. In comparison, the densities derived for 
tns single-spike impulsive events by Ctsnnwll et (1978) 

isnge ttoa 2i10» to 5«10* ci’> # inJicatin<j that the singls- 
splke bursts originate in sosevhat denser loops than do the 
t w o- stage betatron events. 1 possible eiplsnatlon for this 
ditrerence is that the single-spike bursts are located 
loser Hi the corona than the two-stage betatron events, 
sauce a higuer density generally iaplles greater depth in 
tne solar ataosphere. On the other hand, the spike-burst 
sources sight be denser loeps which consist at ccaparable 
heights witn the less dense loops of the botatron events, 
coincident analysis of hard X-ray and aicrowave eslsslon 
provided density estiaates for the ample spike bursts 
studied by dannell (1978). Ihe application of their 

teennigue to several suit if 1 y- inpulsi ve events (i .e. . of 
aable b-1) indicates that the conponent spikes of the 
sultipla bursts originate in regions whose densities are 
cosparable to those found tor the single-spike events. For 
the two-stage event of 1969 April 26, on the other hand, the 
densities derived for the sources of the ispulsive peaks are 
consistent with the upper Unit cn the density of the 
second-stage source region, according to the r. 'oresentioned 
coliisicn-tiae arguaent. The difference in density thus 
provides a possible eiplanaticn for the the apparent 
restriction or the ietatren process to the two-stage bursts 
aione: the greater densities feund for the su lti plo-spiko 

bursts lay piohibit the torsaticn and saintenance of the 
uetatron-acceiei at icn aechanisa, within the appropriate 
souice regions. 

lor the august u flare. Drown and Hoyng (1975) found that 
tne betatron phase lasted ter rearly the entire event, 
~20 nin, and that thi» duration isplies a trap density of 
cn - J . Ihe sited evidence available on large, 
be nind-the-liab flares suggests that the X-ray emission 
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during i i» t ' iulu 0 lcng-en luring bucsts oriiinatei at coronal 
heights ot 2u,000 kn or mere above tie photosphere (Kane and 
uonntily 1971; Foy an! Datlowe 1975; Hudson 1978). lhus, 
me lew upper limit on the trap density, indicatirg an 
unusually gr*at height fer the X-ray source region, i" 
consistent with the large aagnitule, overall, cf the Jtuqust 
4 rlare. 

1 he tetatren acdtl can be evaluated in the context of 
other physical processes in flares, on the basis of the 
relationship between the cn3et of type II emission and the 
start of the betatron phase. However, sose caution nust be 
exorcises in interpreting the value: listed in Tables 5-3 

and 5-4 tor the betatron-phase start t.ises and durations. 
Ine actual start tile of the betatron stage often was 
difficult to deteriine, so that the reported value nay be 
inaccurate by as such as K seconds. The start tines 
reported tor type II bursts also are uncertain by a 
comparable amount, for the following reasons. The guoted 
type-11 start tines always depend on the highest frequency 
or observation; for example, the Culgoora observatory 
generally reported start tines at <200 HHz, while the Fort 
ua vis coverage yielded start tines at <580 KHz. 
Furthernore, certain observatories report start tines only 
to the nearest minute, for publication in the Solay- 
deomvsic a i ja ti Feports. Sensitivity Units also compound 
me difficulty cf guantitati vely associating type II bursts 
witn other flare emissions (see, a. a. . Smerd and Oulk 1971); 
a weak type II burst nay not be detected at all (perhaps, 
£*.&*.# the 1970 July 20 event), or, if the intensity of the 
meter-wove emission increases with tine, the event nay not 
appear in the dynaiic-spoctral records until well after the 
actual start time- 
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Adopting the scan valor, 0.4 tin, as a typical Interval 
bvtvwii the onset of type 11 emission and the start of the 
beta t ton p.iase, for the t vo-j t age betatron events, three 
possible physical pictures emerge: 

I) It the type II burst and the oscillation causing the 
betatron acceleration stea f ton a cosson shock front, then 
the shock vave first sets off the type II emission, travels 
tor ~J4 b, then initiates the sagnet ic-f ie Id oscillations 
responsible tor accelerating the trapped electrons in the X- 
uy source. If the shock travels at the Alfvtn speed, 
~bx10 J ks s* * , then the type II burst and the betatron-phase 
1-iay esission originate approiisatel y 10* ks apart. The 
different durations of the Interval between the type II 
onset and the betatron-phase onset thus would indicate a 
con espied ing range in diftances between tne region in which 
type 11 esission first occurs and the X-ray source. 

It the t y ,.o 11 burst and the sagnetic perturbation of the 
loop originate sisultaneously, tben the 0.4-ainute interval 
between the start of the type II burst anl the onset of the 
betatrou phase would correspond to the duration required for 
the betatron action to significantly affect the character of 
tne observed X-ray exissicn. 

J) Ihe shock wave and the loop oscillations could be caused 
by d it i cto nt ispulsos, but related by a common origin. in 
analogous situation apparently exists for many events with 
which both typo II and type IV emissions are associated: the 
type .i and type IV bursts often travel at significantly 
different speeds and are located at widely-separated 
locations, yet both meter-wave phenomena seem to have been 
initiated by the saae (late event (Riddle 1970; Stewart and 
anetidai. 1970; Robinson 1S78) . As applied to the betatron 
mudel, this hypothesis implies that the main flare triggers 
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both a mock wavo, which initiates the type II burst upon 
achieving taw requisite height, and a s lover- tovi ng 
uisturldi.ee an Alfven wave) which is responsible for 

tuv osciiidticns of the loop containing the X-ray -esttt ing 
electrons. 


* ne liaited sensitivity and temporal resolution of the 
availaole awtur-wave data dou3 not allow a definitive 
conclusion as to which viplanaticn is most consistent with 
obset vations . do nct<>, however, that the observed spread in 
vluiations of the interval botveec start tines is interpreted 
most easily in terss of the third hypothesis. 


5.5.3 
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lor the 10 bursts found to include betatron phases, the 
best-nt values of the initial transverse electron energy, 
m () , range Iron 50 to 100 keV (see lablo 5*2). Due to the 
relative insensitivity of Equation 67 to tie value of v i0 , 
the uncertainty in the best-fit values of this paraneter nay 
be as ouch as 50X cf the quoted figure, particularly for 
4,0 ~ 100 kuV. According to Uoyng (1975), this paraneter 
denotes the auan kinetic energy associated with the notion 
oi the electrons perpendicular to the nagnet ic field 
inaediately prior to the letatror. phase, possibly resulting 
iron ldtge-scdlu electric-field acceleration. In other 
wolus, w 0 represents the lean transverse energy cf the 
electrons accelerated during the inpulsive phase, and 
subsequently "injected" into the trap wherein betatron 
acceleration occurs. As nentioned in Chapter 3, the hard X- 
ruy enissicn originates predoninately in electrons with 
energies between 10 and 100 keV. For the inpulsive events 
analyzed in Chapter 4, the peak tenperatures, which 
essentially represent the nean electron energy during the 
inpulsive phase, range fren 20 to 70 keV. Thus, the range 


ot « () found toe tho betatron events, 50*100 key, appears 
somewhat h igucr than is typical tor the sul tipi y- ispu 1*1 ve 
events. Ihe aforementioned uncertainty in the values of N 
estimated tot the twe-stage events, however, precludes 
attributing any significance to the apparent disparity 
between the sultip le-spike burst energies and the enerqy 
represented, tor the two-stage bursts, by M 1() . 

lor the August 4 event. Brown and Hoyng (1975) found the 
best agreement with observations for W 1 ■ 15 key, 
si gnit icantl y lower than was found for the two-stage events, 
i h is uispanty highlights a probles Intrinsic to tho 
original betatren acdel, concerning tho interpretation of 
* i0 in the context ot the character of the bressstrah lung- 
esitting electrons. if, an stated previously, H |() 
represents the scan value of the transvorso electron energy, 
then the specific anisotropy ot tho assumed electron 
distribution guarantees that the total enorgy cf an average 
electron cannot be less than « l() . Because the low-energy 
cutott ot the electron spectrum was chosen to bo 25 keV, 
values ct » i0 which exceed this Halt by noro than a factor 
or 2 are incompatible with the basic properties of the 
power-law electron tpectrum. For W l() >> 100 keV, additional 
difficulties arise trex the isplieJ inclusion cf a 
significant number ot relativistic electrons; the non- 
telativistic on mss t rah lung formulae usad in tho present 
analysis would be invalid for such a distribution. tflthln 
the coniines of the crlginal betatren sodel, therefore, it 
is urcettain whether the best-fit values, rf i0 * 50-100 keV, 
round tor the twe-stage events accurately reflect the 
physical chaiacter istics of the injected electron 
distribution. This uncertainty might be resolved through 
further reevdluation of the betatron model, a task which is 
beyond the scope cf the present work. 


1*3 


.hi' lost conservative non-thermal emission model, the 
thick-t «t jut inter pretaticn, requires that the acceleration 
mechanism must bo very efficient (£l A action 1.1.2). This 
constraint limits the possible impulsive- phase acceleration 
P i oc I'Sbttj to either direct (induced) elect ric-fiold 
acceleration or wave acceleration by a sole which manifest* 
aost ot its energy in the electric field, such as electron 
plasma waves (Smith 1980). The pitch-angle distribution of 
the electrons accelerated by either sethod generally is 
empected to be anisotropic, although the plasma turbulence 
invariably associated with cur rent 1 y-proposod models for the 
primary energy- ro lease process say induce tesporary 
isctiop nation (cl. Spicer 1976). Doth types of impulsive- 
stage acceleration mechanisms have been evaluated by Spicer 
(1980) and iaith (1980), to detersine whether the saiisus 
efficiency attainable in either case is sufficient tc 
account for the requirements of non-thormal flare models, 
it was found that C. 1% or less of the energy released is 
imparted to energetic electrons, for both direct electric- 
field and plasma-wave acceleration mechanisms. Thus, non- 
t net id 1 emission models may be untenable for the impulsive 
phase, due co the obvious inefficiency of the possible 
acceleration methods (sec also Section 1.1.2, for other 
problems with non-thermal models). An alternative 
acceleration process, bulk energisation of the ambient 
electrons, initially yields a predominately isotropic pitch- 
angle distribution ; inevitably, this becomes anisotropic as 
a result ot the loss-cone instability and other plasma 
effects (Spicer 197b). within the confines cf the original 
betatron model, it is not feasible to consider the 
ra miticaticns of the formation and maintenance of a loss 
cone, because Brown and Hoyng assumed an "ideal" trap 
witneut precipitat icn. It is ot interest, nevertheless, to 
investigate the effects of a different pitch-angle 
aistiibuticn (that is, cne other than that specified by 
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dbsaauis a letn w, () for all injected electrons) on the 
observatle san itestation* cf the betatron process. 

lo deaonstrate the results obtained for the dia setrically 
opposite situation, a constant value for V //Q , representing 
the sear initial energy of the injected electrons parallel 
to the aagnetic-f ield direction, is adopted. The derivation 
ol tquations 69 through 67 then is repeated, taking into 
account the assumption of constant W Q , to arrive at a 
result which can be compared directly to the original aodel 
predictions. 

.be initial power-law electron spectrum (Equation 68) and 
the ioiaula tor the total energy, per electron, as a 
function of b and u //() (Equation 53) yield the following 
expression ter the electron spectrua resulting frea the 
Dotation action on the initial election distribution: 

f («,b) - (4 0 -1) ( W < b4, ) d 0' 1 t (“♦ b "* 0 ) /,, i Ho * (68> 

whore the parameters b, 5 , N () , and reaain as defined 

previously. Ihus, aftor Equation 60, 

h* (t) • H 0 (b*1)V [iMbH^/HjirV • < 69 > 

it is evideut, free Equation 68, that the exponent of the 
energy-dependent ter* in the new electron distribution, 
t* («#b), is identical tc that derived for the original 
betatron aodel (Equation 59). Therefore, the saae general 
expression applies for the definition of the effective 
spectral index, 6 , found ty approximating the electron 
spectrus by a power law; that is, 

d(b) * * 0 ^ 14 * * < 70 > 
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where l j is the lowest energy of observation, an before, 
being Equation 62 and 70, the guantity b is expressed as a 
function of V, Ej, and w //Q , as follows: 

b « -(7-7 Q ) Ij/O- 1/2) % .. (71) 


bote that tms expression differs in sign f ron Equation 65. 
equations 64, 69, and 71 thus yield the predicted (f,>) 

correlation for the "revised" betatren sodel, in which the 
initial election pitch-angle distribution is peaked in the 
detection perpendicular to the aagnetic field and can be 
characterized by a fixed b //Q : 


0-3/2) \ o-y^i A) 1 * 


1 Oj) 


< v -v E i rV" 


W 


(> 0 -3/2)/ (V- 1/2) 4 k 


(7- 1/2) 


(72) 


substituting the values E 3 2 8 keV and M *25 keV, as before, 
into Equation 72 provides the following foraula for the 
predicted behaviour cf f/t i 


H2S) (7-3/2) | O-V 0 )28 l/ M (V-7 0 ) / " V ^ 

h | jl (1-1 2) | . (73) 

* 0 (2 5) (V Q -3/2) / (V- 1/2)0 ( (7-1/2) I 


comparing equations 67 and 73, we note that the middle 
terms of the two expressions differ significantly: the 

7-dependent portions evince opposite signs, and there is an 
exponent of 4 7^ — 1/ 2) in Equation 73 which is absent in 
Equation 67. The first and last terns of Equations 67 and 
73 are identical, however, except for th«»ir respective 
initial paraneters, and M^q. The const ant-w,^ version 

or the betatron sodel differs fres the original version in 
two crucial aspects: the new correlation curve (Equation 73) 
defines a path from high values of 7(25) and low values of 7 


H6 

to low F (25) and high V; and, as the aagnetic field 
increases, tne spectral indei decreases (Equation 71). 

ihe important question is, of course, which case provides 
Letter agreement with the X-ray observations? To 
investigate this issue, the procedure for deternlninq the 
applicability of the betatron aodel to the X-ray data, 
described in Lection 5.2.2, was applied to the 10 betatron 
events, using Equation 73 instead of Equation 57 to 
characterize the sodel predictions. For all 10 events, the 
original sodel was found to yield significantly better 
agreement with the (F,Y) plots derived fros observations, 
regardless or the tested values of N„q. A coabinatlon of 
tne two cases cannot te ruled out entirely on the basis of 
the present analysis, however, and say provide a reasonable 
lit to the data for scse events. 

The bigniricance of these analytical aanipu lations sust 
he evaluated, in the contest of the isplications for the 
ispulsi ve-phase acceleration sechaniss. As stated atove, 
the spectral behaviour which would result fros the injection 
or an initial, anisotropic pitch-angle distribution 
characterized by a constant value of W^q does not agree with 
tne laruneteLs derived fres ebser vat ions, for tne two-stage 
events studied; thus, any acceleration process which injects 
electrons with a pitch-angle distribution of this type is 
lucospatible with the X-ray observations. This anisotropic 
distribution alto is at variance with present-day attitudes 
towards theoretical treatsents appropriate to the ispulsive 
stage; current models cf ispu lsi ve- stage acceleration 
bechamsns generally discount the possibility cf producing 
pitch-angle distributions which arc strongly directed 
perpendicular to the magnetic-field lines. A completely 
isotropic distribution cannot yield the observed curvilinear 
correlation cf F(25) and V, because the betatron- 
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acceleration pieces* surely Mill change F(25) but not the 
spectral iuJox. Hence, only the initial electrcn population 
characterised by a constant » 0 yields agreement between the 
predictions ot the betatren «odel and the derived properties 
ot the ebserved X-ray eaission. 

* he end or the betatror. phase often is delineated, in the 
(F ,Y) piot*, as clearly as the onset of the betatron action, 
mb definite change in the observed X-ray characteristics 
oust represent a corresponding change in the enitting 
election distribution, due to alterations in the underlying 
physical process or in the trap environaent itself. The 
evolution ot the post-inaction electron population can he 
interred froa tfce behaviour of F (25) and Y during and after 
tae betatron phase. A gradual trend seen in the (F,y) plots 
tor several ot the two-stage events, comprising a systematic 
"tlattemng" of the apparent correlation path during the 
rater portions of tie idertified betatron phase, thus night 
be attributable to some progressive and non- reversi ble 
cnange in tne trapped electron distribution. This trend 
generally is tollowed by a distinct "decay" phase, during 
wnich the l-ray intensity decreases nonot cnlcal ly and 
siowly. In the (F,Y) plane (see Figure 5-5), the decay is 
delineated by a trend toward lower values of F (25) and 
nlgher values of V. Although this stage is not essential to 
tne main thrust of the present work, it is of interest to 
speculate briefly on the possible explanations for the 
observed behaviour. Collisional losses from the trap, 
overall expansion of the trap, and Fermi acceleration of the 
trapped electrons all have been shown to induce (F,y) 
patterns which differ markedly froa the observed decay-phase 
path f ct. brown and Hoyng 1975; Erown and HcClymont 197ft). 
'ine only reasonable mecharisn which can produce the observed 
(F,y) behaviour is continual leakage of the high-energy 
electrons iron the trap, which would cause the total number 
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ot trapped electrons to decrease as the spactrua soften*, 
within the confines of the present work, the concepts 
developed above cannot be tested further. However, these 
ideas provide a foundation for future investigation of the 
betatron aodel, particularly for studying the relationship 
between the xspulsi ve-phaae acceleration sechanlsss and the 
ensuing betatron-acceleration process, for those events in 
which the appropriate physical ccndltions obtain. 

o Uft£lU2ifi£2 

lhrough tuu analyses presented in Sections 5.3 and 5.U, 
tue association ot betatrer acceleration with second-stage 
i-ray eaission has been established. As shown by the 
application oi the criteria for the presence cf betatron 
acticn to a s« t of su It iply-ispu lsi ve events, this process 
is net present in the repulsive stage. the absence of 
betatron acceleration in the iapulsive phase was verified 
tuithcr by tne application of a sisilar test to a set of 
two-btagv events: the iapulsive phases of these events 

snowed no signs cf betatron acceleration. As a result, the 
betatron-acceleration sechanisa cannot account for the 
suitiply-peaat 1 structure observed in iapulsive events. 

conversely, for tne cajority of the two-stage bursts 
studied, the second-stage eaission inclu les a phase which is 
consistent with the predictions cf the betatron soJel. The 
pLusent study thus provides strong support for the 
appiicabilit | of the betatron aodel to second-stage 
acceleration processes. whereas the original betatron aodel 
(brown and heyng 19*75) was applied only to a single burst of 
soaewhat aneaalcus properties, the analysis presented in 
this chapter has successfully identified the presence of 
betatron action in a set of 10 hard X-ray events, all 
classified as two-stage cr "eitended" (£1*. Heyng 1975) 

Purtheraore, the presence of betatron acceleration 












oursts 


during the firat few sinutei of t ho second-stage •alsaion 
suggests a ''ndaaental aaaoclatlon between betatron 
scceleratic a r J the physics of the second stage. The study 
ot several two-stage bursts, found to be consistent with the 
betatron sodei, alac oratled the detailed investigation of 
tue nature ot the betatron process and related pherosena, as 
actually occur under aolar-flare conditions. 

It la to be hoped that the present results will provide 
the lapetus for further investigation of the applicability 
oi betatron acceleration tc second-stage phenoaena. The 
recent advent of hard X-ray data with better temporal and 
spectral resolution than tas available during the previous 
solar saiisua, coabined with lapreved radio coverage, 
enables a sore rigorous test of the betatron hypothesis for 
a larger set of events. Coincident, but independent, 
estnates ot the densities in the sites aost likely to 
contain magnetic traps also Mould prove invaluable in 
uvtersining whether conditions in the solar ataosphere 
actually are favorable ter the betatron process. The 
relationship between the pulsations identified in aanv of 
tne Letatrcn events and the oscillaticn3 required by the 
betatron-acceleration aechanisa also must be astabllshed, 
preferably threugh analysis cf cclncident X-ray, aierewave, 
and seter-uave data. 

one isportaat •' spact cf the betatron aechanisa was not 
considered in the original acdel, and, hence, was neglected 
in the present work: the effects of the betatron- 

accelei aticn process on the eeccnd-stage aicrowave 
emissions. The nature cf the relationship between the 
associated natd X-ray and aierewave bursts is highly 
controversial, particularly as regards the relative 
locations ct tbe respective source regions. The 
la air icaticns of tie betatron aechanisa for second-stage 
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sicrowave radiation are equally uncertain: if the hard X 

rays and sicrowaves oriqinate in a cosson source region, 
then one siqnt expect that the betatron action could produce 
coincident effects (jj*u** periodic intensity and spectral 
varratrons) on the eiissions observed in both wavelength 
ranges. Thu hard X rays esanate tree lower-energy electrons 
than do the aicrowaves (see Section 3.2.3); because the 
betatron process accelerates the higher-energy electrons 
proportionately less than those at lower energies, the 
sagnetic oscillations sight not yield any seasurable effects 
in the sicrowave observations. On the othur hand, the 
gy rosynchrotron intensity, itself, is a function of the 
local sagnetic-f i«ld strength (see, £a.£a# Equation 4 6); 
consequently, tie sicrowave emission say exhibit periodic or 
gu asi-per iodic variations as a direct result of the loop 
oscillation**. 

it ii clear, fros these tentative suggestions, that 
intecsive theoretical research into possible sani fest at ions 
ct the Letatron process in cocond-stage sicrowave esisnion 
ib necessary tor extended evaluaticn ot the betatron aodel* 
cospaneou or the resultant predictions with high tise- 
rwsolution sicrowave data and vith sisultaneous hard X-ray 
observations then will allow sore rigorous testing of the 
nodei ter consistency with actual scla: events. Ihe second 
stage ot particle acceleration is poorly understood, at 
present, despite nearly three decades of theoretical and 
observational research. It is cruciai, tharefore, that any 
^rosibing concepts, such as the betatron sodel, be 
considered seriously as potential explanations for this 
cosplex pnenosenon. 


Chapter 6 
CODA 

"a he great tragedy of Science — the slaying of a beautiful 
b> potnesls oy in (illy fact.** 

l.k. hurley, presidential addresa, British A.A.S., 1«70. 

in the present work, as so often occurs in scientific 
research, nee questions have arisen nearly as rapidly as the 
original questions have keen answered# This susaary is 
intended to recapitulate the ltitial problens and the 
uoluticcs proposed through the research discussed in 
chapters •* auu 5, as well as to outllno those new areas of 
inquiry indicated as prcaising subjects for future 
investigations. lhese resarks particularly attain tlaely 
importance in relation tc the currently-operating Sclar 
fia ri run Mission (SAP) satellite, and the coordinated ground- 
based oLservaticns organized under the aegis of the Solar 
Bariaua tear (SHY). 

a sc prisacy questions, of fundasental relevance to 
ispulsive solar phenosena, were addressed in Chapter «: what 
aie the causes of sultlplicity in ispulsive emissions; and 
now do the pnysical sechanlsss responsible for the sultiple- 
spike busts ccspace with those associated with their staple 
counter pa i ts, the single-spike bursts (Crannell fil-flls. 
Ig7d)7 in the contvrt of these questions, the investigation 
was focussed on the behaviour of the emission sources within 
a set ol ispulsive events, selected froa the 050-5 hard X- 
ray data, with particular attention to potential indications 
oi "elements iy" structure or structures (e.u . » analogous to 
tne "elesentary flare burets" of van Beek, de Fetter, and de 
Jaget 1174). 
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as desctiowd in Chapter 4 , the sagnot lc- (laid structure 
and hence, the spatial structure of lspulslve burst sources 
can be inferred through joi ct analysis of hard X-ray and 
aicrcwave eaissiona. I he approach utilised in this work was 
necessi tateJ by the lack cf pertinent observations with any 
spatial resolution during the previous solar cycle. Two 
classes of sultiply-ispulalve events have been identified: 
events whose component spikes originate in a aingle 
location, and eventa in which groups of coaponent spikes 
originate in separate locations. Por the latter 1 as of 
events , a prise cause of aultiplicity has been established: 
the asperate groups of eaisslcn peaks are due to separate 
source regions, flaring sequentially . Por the foraer class 
of events, anJ for each individual group ol aplkes within 
the events with aultiil* sources, however, an additional 
aechaniss is required to esplain tie observed suxtipll ci t y. 

lr part, the ispetuw for the analysis described in 
chapter 5 was the necessity of finding an alternate process 
capable of inducing au ltlpl y-pc aka d ealssions. In the 
present wore, the betatrcn-acceleration hypothesis, 
originally pioposed to account for the observed 
cnaracrui 1 st ic J of the 1912 August 4 event (Brown and Hoyng 
ig75) , was chosen as a prosislnj candidate for eiplalning 
aultiplicity in these ispulsive events without wultiple 
source locations. As stated in Chapter 5, it was found that 
the betatron aodel is not consistent with the observed X-ray 
properties of the sultlp le-spike bursts, therefore 
eiiainating this aechaniss as a viable aeans for obtaining 
aultiplicity in lspulsive X-ray emissions. 

1 he initial guestions regarding the naturo of 
aultiplicity thus have been answered, in part, and 
unanswered, in part. by eiiainating the betatren hypothesis 
as a Cause ot sultiple ealssions fro* a single source 
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legion, progress has keen sale towards identifying the 
physical processes applicable to the unsolved portion of the 
initial guenes. Curing the present solar aaxiaua, critical 
tests ot the results of the study presented in Chapter 4, as 
well as extended investigations of other sechanisss for 
multiplicity in impulsive emission.', can be performed with 
greater deptn than before. Suggestions for new observations 
and theoretical approaches for stud ring burst sultiplicity 
are outlined in the following paragraphs, with particular 
reference to relevant, recent result/* from Sfll and SHY 
coverage. 

Hicrcwave interferometry now provides the capability to 
determine the spatial structure of aultiply-impulsive 
events, with arc-second resolution, as well as the evolution 
ot this structure, with at least 10-seconl tiso resolution. 
* l el la i ha r y results, presented at the Stanford SZr.F workshop 
(august 19dU) by G . A. Dulk, G. J. Hurford, and H.R. Kundu, 
indicate that impulsive microwave events do, indeed, 
comprise the two categories identified in the present work, 
unfortunately. X-ray isaging at energies above 30 keV is not 
available at present; the hard X-ray iaaging spectrometer 
( hi IS) on board the SHH satellite can obtain burst isages 
over the energy range 3 to 30 keV, but only the most intense 
events car. be detected with certainty at the highest 
energies. 

in a sense, the HX1? observations and coincident 
hi icrcwave i nter feroeetric coverage "bracket" the energy 
range aost relevant to the hard X-ray-eait ting electrons; 
spatial intonation thus can be obtained for the electrons 
at energies oelow 30 keV and above 100 keV. Caution aust 
be exercised, however, in naively interpolating between 
tnese two sets cf positioral and spectral data to infer the 
locations ot the associated hard X-ray sources. An 
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.intriguing Cdbe, which also illustrates potential pitfalls 
o l such data interpretation, was the subject of lively 
debates at the recent SERI workshop: an ispulslve event, 

observed with the HX1S instcuaent and the VIA 
intwtteioaetor, exhibited a single alcrowave source located 
between two, widely-separated sources of ) to 10 keV 
eaission. lhe source of the associated hard X-ray burst 
could be co-apatial with the alcrowave source, with one or 
both ot HXxs sources, or even located separately from both 
the radio and the sefter X-ray sources; the observations 
simply do not give sufficient direct information to resolve 
this issue tor the event under consideration. The 
theoretical possibilities are equally confusing: if the 

aicrcvaves were esitted froa the top of a loop, and the 1 to 
JO keV 1 ray froa the footpoints thereof, then some 
■cchtnui must eiist whereby the highest-e nerg y electrons 
(>100 keV) would te confined strongly to the upper portions 
ot the arch, while the lower-enei gy electrons would be 
permitted to stream freely down the legs. Brown, Melrose, 
and Spicer (1978), however, have shown that the the opposite 
situation is wore feasible: the most energetic electrons 

will not th' trapped, if the initial flare heating occurs at 
the top of a Icop. Cne vust keep ir mind, also, that a 
"typical" flare does not exist, and that it is dangerous to 
generalize frea a single event, as is so frequently done, 
tor tiuiple, with the flare of 1972 August « . 

it is evident that the issues of multiple source 
locations and co-spa tialit y of impulsive emissions is far 
frem being resolved. lhe philosophy behind the SHU 
satellite and associated ilY coverage ideally provides the 
most productive approach for unravelling the spatial 
cuailexities of solar activity. Cue to the present lack of 
solar-dedicated experiaents designed to spatially resolve 
Hard X-ray emissions, however, these guestions probably will 






















1S5 


remain unanswered at the end of the present solar maximum. 
At» pointed out by the Hard X-ray Imaging Facility teflnltion 
Team Hurford 1977) , the technological capability 

exists, at piesent, to build instrumentation suitable for 
Monitoring sclar flares over the energy range froa tens to 
nuuaieda of xeV, with arc-second spatial resolution and good 
temporal resolution. It is to be hoped that such 
experiments will be prime candidates for Inclusion in future 
instrument packages designated for tho Space Shuttle 
program, or even for operations based on orbiting space 
platforms. lull comprehension of the complex, evolving 
structure underlying omission structures in flares can bo 
achieved only through coordinated observations ever the hard 
i-ray, microwave, and ether pertinent portions of the 
eiectrciagnetic spectrum, all with comparable spatial and 
temporal resolution. 

Ibe tetaticn-model analysis of Chapter 5 provided a 
bridge between the abovement ione d issues of impulsive 
multiplicity and the broader problem of interpreting both 
impulsive and associated gradual emissions within a self- 
consistent framework. The betatron-acceleration process is 
an attractive candidate for application to com(lex bursts, 
tor two reasons: a mechanism for obtaining periodic, or 

guasi-per iodic, multiple emissions is an integral feature of 
the aodel; and, tie low-density environment and repeated 
reaccelerations characteristic of this process frevide 
tavotable circumstances for the production of large, long- 
eiuiuring events. The first feature (i the production of 
multiplicity) suggested applicability to the nultiply- 
impulsive events; as mentioned previously, however, it was 
found that the multiplicity of the complex spike bursts 
cannot le attributed to the betatron process. The second 
feature (!.»•., the capability of supporting extended 
emissions) yielded more intriguing, and more significant. 
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results, thus necessitating a shift in the emphasis of the 
inquiries upon which the Model evaluation was focussed. 

a he following questions, of basic relevance to complex 
solar bursts, were addressed in Chapter 5: what physical 

process (or processes) is responsible for the observed 
properties of the intense, extended, hard X-ray enission 
characterizing the two-stage events; and is there a 
relationship between the associated impulsive and gradual 
emissions, indicating a mere fundamental relationship 
between the physical Mechanisms involve! in the respective 
phases? To investigate these issues, the applicability of 
the betatron-acceleration process to gradual, second-stage 
hard i-ray esission was tested qualitatively, for several 
two-stage events observed with 0S0-5. As a result of this 
endeavour, tne betatron mechanise has been identified as a 
viable explanation for second-stage hard X-ray esission, 
particularly during the iritial few Minutes of that stage. 
In general, the distinction between the inpulsive and 
gradual enssion stages is delineated quite clearly by the 
absence or presence, respectively, of this process, thus 
yielding a classification method wfcich is far nore accurate 
than using Morphological criteria alone. 

hew questions have arisen, as well, in the course of this 
wore. The research described in Chapter 5 was handicapped 
by the limited coverage acd poor (or non-existent) temporal, 
spatial, and spectral resolution of the observations 
obtained during the previous solar maxinua. These problems 
have been alleviated greatly by the improved instrumentation 
now implemented at many ground-based observatories, and by 
the state-ot-the-art instrumentation and poistirg 
capabilities of the snn experiments and the spacecraft 
itselt. Hence, observations of two-stage events obtained 
during the present solar maxinua will enable a nore 
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conpiehensive evaluation cf tne betatron hypothesis, and 
mote detailed studies cf those aspects of the aodel which 
could not be investigated thoroughly in the present work, 
lit particular, several vital questions are outlined in the 
following paragraphs, together with suggestions for tisely 
observational theoretical approaches for attacking these 
pi cbieme. 


•ith the damma-Bay Experiment (QBE) on board the SHH 
satellite, the behaviour of both electrons and ions at 
energies in the range frea 100 keV to tens of MeV can be 
in vestigoted. Several events which exhibit high-energy 
"tails" extending into the NeV range have boen observed to 
uate (J. Ryan, presented ut the Stanford 3EBF workshop, 
august 1980) ; these events are of particular interest to the 
two-stage issue, because they do not necessarily obey the 
classical concept of two-stage emission implying two stages 
or acceleration. The UR£ observations thus can provide 
in tor nation crucial to evaluating the connection between 
betatron acceleration and the elusive second-stage 
acceleration process, believed to be responsible for the 
vuy high-energy interplanetary particles. In the context 
oi the high-energy aspects of the betatron model, it is 
important to determine the potential effects of the betatron 
mechanism on the nuclear particles which produce qamma-ray 
line and continuum emission, and to extend the observational 
analysis or two-stage betatron and non-betatron events into 
the gamxa-ray range. 


The relationship between the betatron-influenced X-ray 
phase and toe associated emissions at other wavelengths, 
such as extended microwave bursts and type II events, has 
been treated only briefly in the present work. The 
existence of a connection between the impulsive and gradual 
puases cf emission, in the context of the initial conditions 
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ut the betatron hypothesis, also cesains an open question, 
iim derivation of the betatron aodel isplicitly includes a 
uependence on the fore of the initially-injected electron 
distribution, thus introducing a dependence cn the 
ispulaive-acceleraticn process into the physics of the 
second stage. These issues can best be addressed through 
use of hard l-ray, ticcowavc, and aeter-wave coverage of 
both lapulsive and gradual eslssicns to investigate 
tesporal, spatial, and spectral relationships between the 
associated radiations, thus oktaining inforsaticn cn 
possible, relationships between the underlying acceleration 
uechanisss. 

The present work provide? significant clarification of 
the pnysical sechanisss responsible for aultiplicity in 
lapulsxve emissions, and introduces the betatron- 
acceleLfltion sechanisi as a viable second-stage phenosenon. 
it is hoped that these results will provile both a stimulus 
and a tscrui foundation for future research into the 
tascinating physics of coiplex sclar-flare ciissions, during 
tne current solar saiinuu and beyond. 
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